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ABSTRACT 
 
Plant pathology is a multidisciplinary subject and the scientific progress in plant pathology 
follows the advent of sciences. Beginning in the 1800s, the father of plant pathology, Dr. Anton 
de Bary, initiated studies on the identification of oomycetes and fungal plant pathogens. This was 
the first integration for the subjects of “microbiology” and “botany”, which initiated the science 
of plant pathology. Dr. Flor proposed the gene-for-gene model for plant-microbe interaction at 
1940s, which introduced Mendelian “genetics” to the subject that eventually became the 
foundation for resistance breeding. The development of “molecular biology” and 
“biotechnology” in the 1950s to 2000s enabled molecular studies using forward and reverse 
genetics to understand the biological and physiological mechanisms of microbes, plants, and 
their interactions. Although studies at this period were limited in functional analyses for a single 
gene or few target genes, the accumulation of knowledge over decades inspired the zigzag plant 
immunity model including the concepts of pathogen-associated molecular pattern (PAMP)-
trigger immunity (PTI) and effector-trigger immunity (ETI), which has become the dogma for 
plant pathology. With the development of the microarray or biochip technology in early 2000s 
and the maturity of next-generation sequencing around 2010s, genomic or transcriptomic level of 
biology studies have become regular experiments when I started my academia career in plant 
pathology. 
 
When “informatics” joined plant pathology; I was provided with an opportunity to "dig" 
biological information from the big data, with specific interests on soybean pathology. In my 
first project, I applied the RNA-Seq technology to identify additional phytotoxins produced by 
the fungus Fusarium virguliforme, which causes soybean sudden death syndrome (SDS). A 
robust and comprehensive bioinformatics-searching pipeline was established and I successfully 
identified three secondary metabolites and 11 phytotoxic effectors. One of the effectors, FvNIS1, 
induced identical foliar symptoms to field-observed SDS through an overexpression system via 
Soybean mosaic virus. Results of phytotoxicity assay on eighty plant introductions (PIs), 
genome-wide association study (GWAS), and phytotoxicity assay for FvNIS1 gene knockout 
mutants supported that FvNIS1 is one of the phytotoxins responsible for SDS foliar symptoms. 
My second project focused on annotation of carbohydrate-active enzymes and plant cell wall 
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degrading enzymes (PCWDEs) in the genome of F. virguliforme. I focused on the 
polymorphisms of GH28 polygalacturonase and GH11 xylanase because several Fusarium 
species have amino acid substitutions on these enzymes that allow them to escape PCWDEs-
inhibiting proteins released by plants as a counteract defense mechanism. The results indicated F. 
virguliforme has conserved xylanases and development of transgenic soybean with wheat 
xylanase-inhibitor protein might enhance soybean resistance to F. virguliforme. 
 
In my third project, I incorporated soybean sensitivity to Tobacco ringspot virus (TRSV) to 
the single nucleotide polymorphism (SNP) markers from SoySNP50K, and performed a GWAS 
to identify SNP that associate with TRSV sensitivity. I further applied genomic selection to 
predict TRSV sensitivity for the unscreened soybean PIs in the USDA Soybean Germplasm 
Collection. In this project, I identified a single locus and two candidate genes that may involve in 
TRSV sensitivity, and showed genomic prediction has higher performance than single SNP-
based marker-assisted selection. My interests in GWAS extended to my fourth project, for which 
I adopted phenotypes of 13 soybean diseases deposited in the United States Department of 
Agriculture of Agriculture Research Service (USDA-ARS) Germplasm Resources Information 
Network (GRIN) database and performed GWAS for each disease. In the study, I discovered 
SNPs locate in previously reported loci, I found novel SNPs for diseases such as Diaporthe stem 
canker, and I presented the power and challenges of GWAS in searching soybean resistance 
sources. 
 
In summary, my dissertation contains demonstrations on the impact of informatics in soybean 
pathology regarding finding genes involved in soybean-microbes interactions. 
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CHAPTER 1. IDENTIFICATION OF MULTIPLE PHYTOTOXINS PRODUCED BY 
FUSARIUM VIRGULIFORME INCLUDING A PHYTOTOXIC EFFECTOR (FVNIS1) 
ASSOCIATED WITH SUDDEN DEATH SYNDROME FOLIAR SYMPTOMS1 
 
ABSTRACT 
 
Sudden death syndrome (SDS) of soybean is caused by a soil-borne pathogen, Fusarium 
virguliforme. Phytotoxins produced by F. virguliforme are translocated from infected roots to 
leaves, in which they cause SDS foliar symptoms. In this study, additional putative phytotoxins 
of F. virguliforme were identified, including three secondary metabolites and 11 effectors. While 
citrinin, fusaric acid, and radicicol induced foliar chlorosis and wilting, Soybean mosaic virus 
(SMV)-mediated overexpression of F. virguliforme necrosis-inducing secreted protein 1 
(FvNIS1) induced SDS foliar symptoms that mimicked the development of foliar symptoms in 
the field. The expression level of fvnis1 remained steady over time, although foliar symptoms 
were delayed compared with the expression levels. SMV::FvNIS1 also displayed genotype- 
specific toxicity to which 75 of 80 soybean cultivars were susceptible. Genome-wide association 
mapping further identified three single nucleotide polymorphisms at two loci, where three 
leucine-rich repeat receptor-like protein kinase (LRR-RLK) genes were found. Culture filtrates 
of fvnis1 knockout mutants displayed a mild reduction in phytotoxicity, indicating that FvNIS1 is 
one of the phytotoxins responsible for SDS foliar symptoms and may contribute to the 
quantitative susceptibility of soybean by interacting with the LRR-RLK genes.  
 
 
 
 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
1This chapter was published on Molecular Plant-Microbe Interactions (ISSN: 0894-0282) and 
reprinted from Chang, H.-X., Domier, L.L., Radwan, O., Yendrek, C.R., Hudson, M.E., and 
Hartman, G.L. 2016. Identification of multiple phytotoxins produced by Fusarium virguliforme 
including a phytotoxic effector (FvNIS1) associated with sudden death syndrome foliar 
symptoms. MPMI 29:96-108. doi: dx.doi.org/10.1094/MPMI-09-15-0219-R.  
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INTRODUCTION 
 
Plant-pathogenic fungi produce a variety of phytotoxins that could be classified into host-
selective toxins (HST) and non- HST. While non-HST indiscriminately attack a broad range of 
hosts, HST are small molecules produced by necrotrophic pathogens that damage only certain 
genotypes of plants having corresponding susceptibility alleles (Stergiopoulos et al. 2013). The 
interaction of pathogens carrying a susceptibility allele results in susceptibility that is also known 
as the inverse gene-for-gene model (Vleeshouwers and Oliver 2014). The pathosystem of 
Parastagonospora nodorum and wheat is a well-studied example of how pathogens utilize 
phytotoxic (or necrotrophic) effectors to achieve host susceptibility (Oliver et al. 2012; 
Vleeshouwers and Oliver 2014). The arsenal of P. nodorum includes eight effectors (SnTox1 to 
SnTox7 as well as SnToxA) that generally induce chlorosis or necrosis symptoms in wheat 
cultivars that have corresponding susceptible quantitative trait loci (QTL), including Snn1 to 
Snn7 and Tsn1 (Abeysekara et al. 2012; Friesen and Faris 2010; Friesen et al. 2007; Liu et al. 
2009; Oliver et al. 2012; Shi et al. 2015). For SnTox1-Snn1 and SnToxA-Tsn1, the candidate 
target genes in wheat encode leucine-rich repeat (LRR) domain proteins, it was suggested that 
SnTox1 and SnToxA induce the accumulation of reactive oxygen species and programmed cell 
death through LRR-dependent signaling pathways to achieve effector-triggered susceptibility 
(Faris et al. 2010; Liu et al. 2012).  
 
Sudden death syndrome (SDS) of soybean [Glycine max (L.) Merr.] is one of the most 
important fungal diseases of soybean in the United States (Hartman et al. 2015) and is caused by 
the root-infecting pathogen Fusarium virguliforme (Aoki et al. 2003; Hartman et al. 2015). In the 
field, the pathogen infects roots but is not known to invade aboveground parts of soybean plants. 
In addition to root rot, F. virguliforme can elicit distinct foliar symptoms that “suddenly” appear 
after the onset of flowering. These foliar symptoms include interveinal chlorosis and necrosis, 
marginal curling of leaflets, and premature defoliation (Fig. A.1), and are attributed to fungal 
phytotoxins that are translocated to leaves from colonized roots (Hartman et al. 2015). Three 
phytotoxins have been reported to be associated with SDS foliar symptoms, but none of the three 
induce foliar symptoms that represent the foliar symptoms observed in the field. Radicicol (also 
known as monorden) was the first F. virguliforme phytotoxin identified and was proposed to 
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cause interveinal necrosis and marginal curling on soybean (Baker and Nemec 1994). The 
second phytotoxin identified from F. virguliforme was a 17-kDa effector that induced chlorosis 
and necrosis on soybean cotyledons and detached leaves (Jin et al. 1996). FvTox1, the third F. 
virguliforme phytotoxin identified, was also an effector that induced chlorosis and reduced the 
chlorophyll content of leaf disks treated with purified FvTox1 (Brar et al. 2011). Knockout 
mutants of FvTox1 were substantially reduced in phytotoxicity but Δfvtox1 mutants were still 
able to induce SDS foliar symptoms (Pudake et al. 2013), suggesting that additional phytotoxins 
may be causing SDS foliar symptoms.  
 
Chromatography coupled with bioassay systems have been traditionally used to discover 
phytotoxins produced in vitro (Berestetskiy 2008; Strange 2007), and all three known 
phytotoxins of F. virguliforme were identified using chromatography. Another approach to 
discovering secondary metabolites and secretory effectors is through bioinformatics. This 
strategy enables the discovery of phytotoxins that have low or trace quantities in the sample and 
avoids potential loss during chemical extraction or chromatographic steps. Many studies have 
demonstrated the potential of predicting secondary metabolites and secretory effectors (Chooi 
and Tang 2012; Collemare et al. 2014; Gallo et al. 2013; Kimura et al. 2007; Knief 2014; Kroken 
et al. 2003; Sperschneider et al. 2015; Yadav et al. 2009). In this study, we identified additional 
phytotoxins of F. virguliforme by searching for genes potentially involved in synthesizing 
secondary metabolites or encoding phytotoxic effectors. The goal was to identify and 
characterize additional phytotoxins produced by F. virguliforme that were associated with SDS 
foliar symptoms.  
 
RESULTS  
 
Transcriptome analysis 
Cell-free culture filtrates of F. virguliforme have been shown to induce typical SDS foliar 
symptoms and studies have shown that phytotoxicity of the culture filtrates increased with the in 
vitro growth time of F. virguliforme (Hartman et al. 2004; Xiang et al. 2015). Since RNA-Seq 
reflects gene expression at one sampling time, identification of phytotoxin-related genes was 
conducted based on a transcriptome derived from two in vitro incubation periods in order to 
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maximize detection of phytotoxin-related gene expression. Six sequence libraries (Table A.1) 
with a call accuracy of 99.9% were assembled into a transcriptome with 12,858 putative coding 
sequences. The transcriptome shotgun assembly was deposited at DDBJ/EMBL/GenBank 
databaseunder accession number GBJV01000000.  
 
Identification and characterization of phytotoxic secondary metabolites 
The transcriptome contained 12 putative polyketide synthases (PKS). Based on the 
phylogenetic analysis, fvpks1 and fvpks2 were grouped in the same clade containing PKS of 
Chaetomium chiversii (rads2 and rads1, respectively) and PKS of F. graminearum (pks1 and 
pks4, respectively); these PKS synthesize structurally similar resorcylic acid lactones, radiciol, 
and zearalenone (Table 1.1; Fig. 1.1). The PKS fvpks3 was grouped with pksCT of Monascus 
purpureus (synthesizes citrinin), with a bootstrap value of 99. The PKS fvpks4 was similar to 
fub1 of F. verticillioides (synthesizes fusaric acid), with a bootstrap value of 96. The fvpks5 was 
grouped with Alternaria alternata aft9-1 (synthesizes AF-toxin), with a bootstrap value of 61. 
The fvpks6 was grouped with pks2 of Cochliobolus heterostrophus (synthesizes T-toxin), with a 
bootstrap value of 66. Although both fvpks7 and fvpks8 received a high bootstrap value of 99, 
they were close to PKS genes that produce pigments such as fusarubin. While fvpks9 formed a 
singleton, fvpks10 and fvpks11 were similar to fum1 of F. oxysporum and F. verticillioides 
(synthesizes fumonisin), with a bootstrap value of 99. In addition, fvpks12 was highly similar to 
the fatty acid synthase outgroup. In summary, six F. virguliforme PKS were highly similar to 
other fungal PKS that synthesize citrinin, fumonisin, fusaric acid, and radicicol (Table 1.1; Fig. 
1.1). Using commercially available citrinin, fumonisin, fusaric acid, and radicicol as standards, 
liquid chromatography-tandem mass spectrometry (LC/MS/MS) confirmed the presence of 
citrinin, fusaric acid, and radicicol but not fumonisin in the culture filtrates of F. virguliforme. 
The concentration of citrinin, fusaric acid, and radiciol was 0.07 ± 0.01, 2.03 ± 0.34, and 
1,740.00 ± 603.57 ng per ml in 5-day-old culture filtrates and 0.25 ± 0.05, 2.51 ± 1.10, and 
1,596.67 ± 507.73 ng per ml in 2-day-old culture filtrates, respectively. Gene expression of these 
PKS was detected by quantitative reverse-transcription polymerase chain reaction (qRT-PCR) 
from 0 to 120 h after inoculation (hai) on soybean roots inoculated with F. virguliforme (Fig. 
A.2). Soybean leaves treated with a serial concentration of each polyketide revealed a minimum 
dosage of 60, 20, and 250 µg per plant for citrinin, fusaric acid, and radicicol, respectively, to 
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induce symptoms such as interveinal chlorosis and wilting 3 days post inoculation (dpi) (Fig. 
1.2).  
 
There were seven putative nonribosomal peptide synthetases (NRPS) identified in the 
transcriptome (Table 1.1), but the result indicated most NRPS of F. virguliforme were dissimilar 
to most fungal NRPS that we included in the phylogenetic analysis (Fig. A.3) and putative 
products of FvNRPS were less predictable. In addition, we did not detect the expression of 
trichodiene synthase, a key enzyme in trichothecene biosynthesis (Kimura et al. 2007). Although 
trichothecene is a distinct group found in several Fusarium species (Yekkour et al. 2015), our 
preliminary screen for trichothecenes was negative in culture filtrates of F. virguliforme, infested 
sorghum, and in infected soybean (Table A.2).  
 
Identification and characterization of phytotoxic effectors 
Eleven putative phytotoxic effectors were identified by searching small secretory proteins in 
the transcriptome (Table 1.2). In addition to fvtox1, another gene that encodes the second 
phytotoxin of F. virguliforme (Jin et al. 1996) was identified, based on a high degree of 
similarity to the N terminal peptide sequence ATQFSYTGSCTGTDQ with a mismatch (E to C) 
at the tenth amino acid. We named this effector FvTox2. Three candidate effectors, FvCP1 to 
FvCP3, be- longing to the cerato-platanin protein family were identified (Frías et al. 2014). 
Another potential effector, FvCDIP1, was orthologous to the Magnaporthe oryzae cell death–
inducing protein MoCDIP1 (Chen et al. 2013). Moreover, we identified four effectors (FvNLP1 
to FvNLP4) that contained NPP1 domains that belong to necrosis and ethylene-inducing like- 
proteins (NLP) (Oome and Van den Ackerveken 2014) and one effector, F. virguliforme 
necrosis-inducing secreted protein 1 (FvNIS1), that was orthologous to Colletotrichum 
orbiculare NIS1, which induces necrosis on tobacco (Yoshino et al. 2012). The expression of 
these candidate effectors were detected by qRT-PCR from 0 to 120 hai on soybean roots 
inoculated with F. virguliforme. To characterize their phytotoxicity on soybean leaves, putative 
phytotoxic effectors were expressed ectopically in susceptible soybean cultivar Essex, using an 
overexpression system mediated by Soybean mosaic virus (SMV). FvTox1, FvTox2, FvCP1-2, 
FvCDIP1, and FvNLP1 to FvNLP4 did not induce SDS-like foliar symptoms. However, plants 
inoculated with SMV::FvNIS1 induced typical SDS foliar symptoms (Fig. 1.3). Severely 
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affected plants also exhibited upward curling of leaf margins and defoliation. In brief, 
overexpression of SMV::FvNIS1 in soybean produced SDS foliar symptoms indistinguishable to 
foliar symptoms observed in the field.  
 
Phytotoxicity of SMV::FvNIS1 at different time points and on different soybean genotypes 
Symptom development on leaves of cultivar Essex started as mild chlorotic and necrotic spots 
at 20 dpi. Foliar symptoms became more pronounced and developed into interveinal chlorosis 
and necrosis after 30 to 40 dpi (Fig. 1.4). The healthy soybean control, soybean inoculated with 
empty SMV vector, and soybean inoculated with SMV::FvTox1 did not develop the extensive 
interveinal necrosis observed in soybean inoculated with SMV::FvNIS1 (Fig. 1.4A to D). The 
expression of SMV:: FvNIS1 did not fluctuate significantly from 20 to 40 dpi, which was similar 
to the empty SMV vector and the SMV:: FvTox1, based on qRT-PCR. This suggested that the 
acceleration in foliar severity was independent of SMV::FvNIS1 expression over time (Fig. 
1.4E). To determine if the phytotoxicity induced by SMV::FvNIS1 was universal in different 
soybean genotypes, we inoculated 80 soybean plant introductions (PI) with SMV::FvNIS1. All 
PI except five were susceptible, displaying the classic symptoms of chlorosis and necrosis. Five 
PI (PI 548301, PI 567742B, PI 594399C, PI 603524, and PI 603581) did not display distinct 
necrosis, even though SMV mosaic symptoms were evident (Fig. 1.5A). While some PI, such as 
PI 408335A, PI 092713, and PI 634903, dis- played less sensitivity to SMV::FvNIS1 compared 
with ‘Essex’ by showing necrotic spots that did not coalesce to interveinal necrosis within 40 
dpi. Others, such as PI 567648C and PI 548459, displayed extreme sensitivity to SMV:FvNIS1 
compared with ‘Essex’ by showing faster development of typical SDS foliar symptoms that 
could be observed around 20 to 25 dpi (Fig. 1.5A).  
 
Genome-wide association study (GWAS) to identify loci for sensitivity to SMV::FvNIS1  
The 80 soybean PI inoculated with SMV::FvNIS1 (Table A.3) were used to identify potential 
single nucleotide polymorphisms (SNPs) associated with the sensitivity to FvNIS1. All PI 
displayed some virus symptoms of mosaic, mild leaf chlorosis, or stunting but not systemic 
necrosis. The phenotype data collected was based on whether or not necrosis was induced after 
inoculating with SMV::FvNIS1. In accordance with the inverse gene-for-gene model, we 
hypothesized that a corresponding receptor might exist in susceptible soy- bean PI that recognize 
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FvNIS1 and produce necrosis. Bayesian information criterion (BIC)-based model selection, 
principal component analysis (PCA), and a quantile-quantile (Q-Q) plot indicated negligible 
population structure and the appropriate- ness of the GWAS model (Fig. 1.5B and C; Table A.4). 
GWAS identified one and two significant SNPs located on chromosomes 6 and 20, respectively 
(Table 1.3). While locus1- FvNIS1 (chromosome 20) passed the Bonferroni threshold with one 
LRR receptor-like protein kinase (RLK) gene near the SNPs, locus2-FvNIS1 (chromosome 6) 
had two candidate LRR-RLK genes nearby and the SNP located within QTL13-11 for SDS 
resistance (Abdelmajid et al. 2012; SoyBase and the Soybean Breeder’s Toolbox website). The 
identification of these LRR-RLK genes raises the possibility that FvNIS1 might be recognized 
by one or more plant receptors in the apoplastic space, perhaps similar to the orthologous NIS1 
of C. orbiculare, which was shown to be an apoplastic effector (Irieda et al. 2014).  
 
Gene knockout analysis of FvNIS1 
Since FvNIS1 produced symptoms that most closely resembled typical SDS foliar symptoms, 
Δfvnis1 knockout mutants were constructed using a split-marker approach. Because the three 
knockout mutants that we created displayed no phenotypic differences to each other, we 
subsequently generated two complementation strains by inserting the fvnis1 gene back into 
fvnis1-1 knockout mutant (Fig. A.4). In brief, mutants and complementation strains displayed no 
differences compared with the wild type in colony morphology, growth rate, or sporulation. In 
addition, there was no appreciable difference in the expression of other candidate phytotoxin-
related genes during infection, except for undetectable fvnis1 expression in the Δfvnis1-1 
knockout mutant (Fig. 1.6A). These results indicated that fvnis1 was not essential for survival or 
vegetative growth. Based on the stem-cutting assay, the culture filtrate produced by the Δfvnis1-1 
knockout mutant had reduced phytotoxicity causing milder symptoms with a lower (p < 0.05) 
area under disease progress curve (AUDPC) (Fig. 1.6B and C).  
 
DISCUSSION  
 
Phytotoxins of F. virguliforme translocated from soybean roots to leaves cause SDS foliar 
symptoms, as the fungus resides in the roots but not the stems or leaves of infected plants 
(Hartman et al. 2015). We hypothesized that multiple phytotoxins cause SDS foliar symptoms. 
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We applied bioinformatics to identify additional phytotoxins produced by F. virguliforme and 
identified transcripts for the synthesis of citrinin, fusaric acid, radiciol, and 11 additional 
phytotoxic effectors.  
 
Citrinin was first identified in Penicilliun citrinum and, later, was found in several Aspergillus 
and Monascus species (Abou- Zeid 2012). Our study is the first to show that a Fusarium species 
can synthesize citrinin. Citrinin interferes with several physiological processes, including the 
promotion of superoxide production (Ribeiro et al. 1997), interruption of ion redox cycle (Da 
Lozzo et al. 2002), and induction of cell cycle progression without DNA damage (Kuroda et al. 
2013). A recent study reported that citrinin was not required for Penicillium expansum to infect 
apples (Ballester et al. 2015). Fusaric acid has been shown to induce wilting and necrosis of 
banana (Li et al. 2013). Radicicol inhibits heat shock protein 90, and its inactivation may allow 
parasitic fungi to establish infections (Piper and Millson 2012). It has also been hypothesized 
that radicicol released by C. graminicola may inhibit plant defense responses as well as suppress 
competing microbial communities in a symptomless mechanism (Wicklow et al. 2009). Citrinin, 
fusaric acid, and radicicol induced foliar chlorosis and wilting in our study, which differed from 
the typical interveinal chlorosis and necrosis commonly observed with SDS foliar symptoms.  
 
In addition to polyketide phytotoxins, we identified 11 effectors that may be phytotoxic to 
soybean. Agrobacterium infiltration has been used in Arabidopsis and tobacco to test foliar 
symptoms induced by effectors in plants, but because of the difficulty of performing leaf 
infiltration in soybean (Vleeshouwers and Oliver 2014), we visualized phytotoxicity symptoms 
induced by F. virguliforme effectors by transiently expressing them individually via SMV. 
Overexpression FvTox1 via SMV-induced mild chlorosis on leaves, which is consistent with 
previous reports that leaves treated with purified FvTox1 showed mild chlorosis and a reduction 
of chlorophyll content on susceptible leaf disks (Brar et al. 2011). FvTox1 has been regarded as 
an important phytotoxin associated with SDS foliar symptoms because Δfvtox1 knockout mutants 
had reduced phytotoxicity to soybean (Pudake et al. 2013). However, it was not reported whether 
the Δfvtox1 mutants displayed equivalent phenotypic traits, such as sporulation, compared with 
the wild type isolate. In addition to FvTox1, the expression of the 17-kDa effector FvTox2 was 
detected in our transcriptome based on the identity of the N-terminal partial peptide sequence 
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(Jin et al. 1996). However, overexpression of FvTox2 exhibited mild chlorosis with few necrotic 
spots.  
 
The FvCP1-3 belongs to the cerato-platanin family, which has been found in several plant-
pathogenic fungi as an important virulence factor (Frías et al. 2014) involved in triggering plant 
defense responses and inducing accumulation of reactive oxygen species (Baccelli et al. 2014; 
Frías et al. 2013). However, the roles of cerato-platanin proteins vary. For example, the cerato-
platanin Sp1 of Leptoshaeria maculans was not able to induce necrosis and the deletion mutant 
did not reduce virulence (Wilson et al. 2002), whereas the cerato-platanin MgSM1 of M. grisea 
induced necrosis and triggered defense responses in Arabidopsis (Yang et al. 2009) and the 
targeted gene-deletion mutant compromised pathogenicity (Jeong et al. 2007). Cerato-platanin 
BcSpl1 of Botrytis cinerea was regarded as a phytotoxic effector that caused electrolyte leakage 
and cytoplasmic shrinkage (Frías et al. 2011). In our phytotoxicity tests, SMV::FvCP1 and 
SMV::FvCP2 did not display SDS-like foliar symptoms, although FvCP2 has been isolated from 
the xylem sap of F. virguliforme–infected seedlings (Abeysekara and Bhattacharyya 2014). In 
addition to cerato-platanin, we identified a putative secretory protein, FvCDIP1, that is 
orthologous to MoCDIP1. MoCDIP1 is one of the cell death–inducing proteins of M. oryzae. 
MoCDIP1 was expressed at the late infection stage and caused necrosis in both dicots and 
monocots (Chen et al. 2013). In our study, FvCDIP1 did not induce obvious SDS-like foliar 
symptoms.  
 
The first NLP was identified from the culture filtrate of plant-pathogenic F. oxysporum, and 
orthologous NLP have been found in prokaryotes, oomycetes, and many other fungi (Oome and 
Van den Ackerveken 2014). Plant-associated fungi or oomycetes generally harbor multiple NLP 
and these ho- mologs could be functionally redundant (Santhanam et al. 2013; Zhou et al. 2012). 
It has been suggested that NLP cause the release of damage-associated molecular patterns that 
trigger plant defense responses through different signaling cascades, rather than acting 
themselves as elicitors for plant defense responses (Kanneganti et al. 2006; Kleemann et al. 
2012). Studies have shown that hemibiotrophic pathogens secrete NLP-suppressing effectors at 
the early biotrophic stage of infection, to avoid NLP phytotoxicity (Kelley et al. 2010; Kleemann 
et al. 2012). Moreover, NLP were regarded as phytotoxins because of their necrosis-inducing 
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activity (Schouten et al. 2008) and because NLP genes were generally up-regulated when 
hemibiotrophic pathogens switch from biotrophic to necrotrophic stages (Qutob et al. 2002). 
While transient expression of many NLP induce necrosis, some NLP were nonphytotoxic 
(Cabral et al. 2012; Dong et al. 2012; Feng et al. 2014; Santhanam et al. 2013). Eleven conserved 
amino acids were shown to induce necrosis with disulfide bond–forming cysteine residues being 
essential (Oome and Van den Ackerveken 2014). Substitutions in these conserved amino acids 
may eliminate phytotoxicity. A nonphytotoxic NLP of Colletotrichum spp. with substitutions in 
the con- served heptapeptide GHRHDWE was reported to be the rea- son for the loss of the 
necrosis-inducing function (Kleemann et al. 2012; Oome and Van den Ackerveken 2014). In the 
case of F. virguliforme, we did not observe SDS-like foliar symp- toms by overexpressing 
FvNLP1 to FvNLP4 via SMV. We noticed that FvNLP1-3 all had a substitution within the 
heptapeptide region while FvNLP4 contained two substitutions in other conserved residues (Fig. 
A.5). It is not known if these substitutions affected the necrosis-inducing capability of FvNLP1 
to FvNLP4.  
 
We discovered FvNIS1 independently induced SDS foliar symptoms similar to field-observed 
SDS foliar symptoms when overexpressing FvNIS1 through a SMV-mediated transient system. 
FvNIS1 is an orthologous protein to the C. obiculare secretory protein NIS1 (Yoshino et al. 
2012). NIS1 was isolated from culture filtrate of C. obiculare, and it induced necrosis in tobacco 
leaves by Agrobacterium tumefaciens–mediated transient expression. Furthermore, nis1 was not 
required for the pathogenicity of C. obiculare and it was suggested that NIS1 may induce cell 
death via a corresponding receptor in plants or act as a phytotoxin (Yoshino et al. 2012). Our 
study showed the development of SDS foliar symptoms was not dependent on the expression 
level of fvnis1 and the phytotoxicity mimicked the development of SDS foliar symptoms in the 
field. Although transient overexpression of most effectors identified in this study failed to induce 
foliar symptoms, qRT-PCR revealed their activities during infection; and because phylogenetic 
analyses did not provide insightful information for several PKS and most NRPS of F. 
virguliforme, it is still possible that other secondary metabolites and effectors may be involved in 
producing SDS foliar symptoms.  
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In this study, we successfully applied bioinformatics to identify phytotoxins produced by F. 
virguliforme. All previously reported phytotoxins were again found using this methodology, 
including radicicol, FvTox1, and FvTox2, which demonstrated the inclusiveness of this 
approach. Because FvNIS1 displayed selective phytotoxicity on soybean genotypes, we applied 
GWAS and identified two loci in soy- bean that corresponded to the symptoms induced by 
overexpressing FvNIS1. Although Dfvnis1 knockout mutants only slightly reduced phytotoxicity 
to soybean leaves, the identification of FvNIS1 and its corresponding loci in soybean increases 
our understanding of how the effector might interact with soybean. Indeed, the contributions of 
phytotoxic effectors have been shown to vary in pathosystems. For example, while Ptr ToxA of 
Pyrenophora tritici-repentis plays a dominant role in virulence (Moffat et al. 2014), SnToxA, 
SnTox1, and SnTox3 individually have a lesser effect while even triple knockout mutants of 
these three effectors still induced foliar symptoms (Tan et al. 2015). Nevertheless, studies on 
phytotoxic effectors of P. nodorum to their corresponding QTL in wheat have been used in 
wheat breeding even though studies on the individual effector may not appear to be impactful 
(Tan et al. 2015; Vleeshouwers and Oliver 2014). Future studies focusing on understanding the 
phytotoxicity mechanism of FvNIS1 may elucidate why FvNIS1 required 30 to 40 days to 
display typical SDS foliar symptoms even though the gene expression was detected as early as 
20 dpi. Cloning of putative FvNIS1-interacting LRR-RLK genes may provide in- sights about 
how FvNIS1 induces necrosis and foliar symptoms in susceptible soybean PI.  
 
MATERIALS AND METHODS  
 
Preparation of in vitro transcriptome from mycelia and the stem-cutting assay.  
Fusarium virguliforme Mont-1 was maintained on potato dextrose agar (PDA) (Difco, Sparks, 
MD, U.S.A.) at 25 C. Five PDA blocks (6 mm in diameter) from the distal part of the colony 
were transferred into 50 ml of soybean dextrose broth (SDB) in 250-ml flasks and were 
incubated at 25 °C in the dark on an orbital shaker at 100 rpm. Mycelial blocks were 
homogenized after 2 days and were reincubated for 1 day in the original SDB. Five milliliters of 
mycelial suspension (mycelia dry weight averaged 14.6 ± 1.0 mg per ml) was transferred into 50 
ml of new SDB and was cultured at 25 °C in the dark without shaking. Mycelia and culture 
filtrates were harvested after 5 and 20 days of incubation. Mycelia were separated using 
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Whatman #1 filter paper (Fisher Scientific, Pittsburgh, PA, U.S.A.), were immediately frozen in 
liquid nitrogen in 15-ml polypropylene tubes (Corning, Corning, NY, U.S.A.), and were 
lyophilized and stored at -80 °C. Culture filtrates were filtered through a 0.22-µm filter (EMD 
Millipore, Billerica, MA, U.S.A.) and were stored at 4 °C. SDS-susceptible soybean cultivar 
Essex plants were grown in a growth chamber at 30 °C, and at the V1 growth stage, a stem-
cutting assay was used for testing the phytotoxicity of the culture filtrate. Stems of cut soybean 
plants were immersed in 50-ml poly- propylene tubes (2 ml of culture filtrate per 50 ml). After 
observing foliar SDS symptoms (Fig. A.6), total RNA was extracted from the lyophilized 
mycelia using a homogenizer (MP Biomedicals FastPrep-24, Santa Ana, CA, U.S.A.) and TRIzol 
reagent (Life Technologies, Carlsbad, CA, U.S.A.). RNA was treated with DNase (New England 
BioLabs, Ipswich, MA, U.S.A.) and the quality was determined by a Bioanalyzer (Agilent 
Technologies, Santa Clara, CA, U.S.A.). Six RNA-Seq libraries (three biological replications of 
two time points) were individually barcoded and prepared by TruSeq Stranded RNAseq Sample 
Prep kit (Illumina, San Diego, CA, U.S.A.). The pooled libraries were sequenced on one lane for 
100 cycles (single read) on a HiSeq2000 at the Roy J. Carver Bio- technology Center, University 
of Illinois (Urbana, IL, U.S.A.), using TruSeq SBS sequencing kit version 3 according to the 
manufacturers’ protocols.  
 
Transcriptome analysis  
Raw Illumina sequence reads of the six samples were filtered using the FASTX toolkit 
(version 0.0.13) to remove reads that failed to meet a minimum quality score of 28 and minimum 
length of 90 nucleotides. Tophat2 (version 2.0.10) (Kim et al. 2013) was applied in default mode 
with the F. virguliforme Mont-1 genome and annotation as reference (Srivastava et al. 2014). 
The transcripts of the six samples were assembled by Cufflinks (version 2.2.1) and 
transcriptomes merged by Cuffmerge (Kim et al. 2013; Trapnell et al. 2012). HTSeq (version 
0.6.1) (Anders et al. 2014) was used to count the mapped reads for each transcript. Those 
transcripts with less than 60 reads across six libraries were filtered out. Augustus was used to 
predict putative proteins in the genome and transcriptome with F. graminearum as a model 
organism. Default parameters were used except for the minexonintronprob (=0.1) and the 
minmeanexonintronprob (=0.4) (Keller et al. 2011). HMMER version 3.0 (Finn et al. 2011) was 
applied to search KS (pfam ID: PF00109 and PF02801) and AT domains (PF00698) for PKS, A 
	 13	
(PF00501) and C domains (PF00668) for NRPS, and TRI5 (PF06330) for trichodiene synthase. 
Genes that contained at least one KS domain and one AT domain were regarded as PKS genes. 
Genes that contained at least one A domain and one C domain were regarded as NRPS genes. 
SignalP (version 4.1) was used to predict proteins with secretory peptides but not the trans- 
membrane region (Petersen et al. 2011). Annotation and protein domain prediction was further 
analyzed by BLASTP and hmmsearch.  
 
Identification and characterization of phytotoxic secondary metabolites 
The N terminal and C terminal of PKS amino acid sequences were concatenated to represent 
one PKS. For NRPS, the protein sequences of A domains were identified as separate inputs 
(Gallo et al. 2013). Protein sequence alignments were con- ducted by MUSCLE and maximum-
likelihood trees with 1,000 bootstrap replicates were constructed by MEGA6 (version 6.0.6) 
(Tamura et al. 2013), using the LG+G+I and rtREV+G+F models for PKS and NRPS, 
respectively.  
 
Five-milliliter cell-free culture filtrates were serially treated with 5 ml each of acetonitrile 
(Fisher Scientific), chloroform (MP Biomedicals), and ethyl acetate (Fisher Scientific) for 5 min 
each, while shaking. Solvents were separated by centrifugation at 4,000 rpm for 5 min. The 
organic layers were transferred into 2-ml tubes and were air-dried at room temperature overnight. 
Dried samples were kept at -20 °C and were dissolved into 85% methanol before analyses. 
Samples were analyzed with the 5500 QTRAP LC/MS/MS system (AB Sciex, Framingham, 
MA, U.S.A.) with a 1200 series HPLC system (Agilent Technologies) at the Roy J. Carver 
Biotechnology Center. The LC separation was performed on an Agilent SB-Aq column (4.6 × 50 
mm, 5 µm) (Agilent Technologies) with mobile phase A (10 mM ammonia formate in water) and 
mobile phase B (methanol). The flow rate was 0.35 ml/min. The linear gradient was: 0 to1 min, 
98% A; 8 to 13 min, 0% A; and 13.5 to 19 min, 98% A. The autosampler was set at 5 °C. The 
injection volume was 5 µl. Mass spectra were acquired with negative electrospray ionization at 
an ion spray voltage of -4,500 V. The source temperature was 450 °C. The curtain gas, ion 
source gas 1, and ion source gas 2 were 248, 345, and 448 kPa, respectively. Multiple reaction 
monitoring was used to quantify target compounds: citrinin (AdipoGen, San Diego, CA, U.S.A.) 
m/z 249.0 to m/z 177.1; fumonisin B1 (Cayman Chemical, Ann Arbor, MI, U.S.A.) m/z 720.4 to 
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m/z 157.0; fusaric acid (ACROS Or- ganics, Geel, Belgium) m/z 178.0 to m/z 134.0; and 
radicicol (AdipoGen) m/z 363.1 to m/z 275.0. For the phytotoxicity assay, each compound was 
adjusted to the desired concentration and was dissolved in 1 ml of water. Stem cuttings of 
soybean cultivar Essex at growth stage V1 were immersed in 1 ml of solution in 50-ml 
polypropylene tubes for 3 h. After 3 h, 50 ml of water was added. The stem cuttings were 
incubated as previously described. After 3 days, foliar symptoms were observed and 
photographed.  
 
Effector cloning and transit expression in soybean through particle bombardment 
Mycelia 1 cDNA was synthesized from total RNA by ProtoScript First Strand cDNA synthesis 
kit (New England BioLabs). The coding sequence of each putative phytotoxic effector-encoding 
gene was amplified from mycelial cDNA pools with primers (Table A.5). Each gene was cleaved 
with ClaI (or BstBI) and NheI and was ligated into pBR-SMV413 cut with the same restriction 
enzymes to produce SMV::Fv plasmids. Ligated plasmids were transformed into Turbo 
Competent Escherichia coli (New England BioLabs) and were selected by kanamycin (Fisher 
Scientific). Plasmid DNA was extracted by Qiagen spin miniprep kit (Qiagen, Valencia, CA, 
U.S.A.) and inserted sequences of plasmids were confirmed through BigDye Terminator 
Sequencing (Life Technologies) at the Roy J. Carver Biotechnology Center. SMV::Fv plasmid 
DNA for each putative phytotoxin gene (50 µg) was precipitated onto 1.6-µm gold micro- 
carriers. Gold microcarriers were delivered into unifoliolate leaves of 10-day-old soybeans by 
the Helios gene gun system (Bio-Rad, Hercules, CA, U.S.A.). Inoculated soybeans were covered 
with plastic bags in the dark overnight before moving into growth chambers. Total RNA of 
inoculated soybeans was extracted at the second trifoliate. RT-PCR and Sanger sequencing were 
performed to check the stability of inserted genes. Leaf sap from gene gun–inoculated soybean 
plants was used to mechanically inoculate the unifoliolate leaves of 10-day-old soybeans using 
Carborundum as an abrasive, and the symptoms and stability of inserted sequences were 
confirmed again.  
 
Quantification of SMV expression by qRT-PCR and foliar symptom severity evaluation 
Total RNA was extracted by TRIzol at 20, 25, 30, 35, and 40 dpi from leaves of soybeans that 
were inoculated with SMV, SMV::FvTox1, or SMV::FvNIS1. Random primers were used to 
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synthesize total cDNA. Amplification efficiency of each pair of primers for qRT-PCR was 
determined based on four replicates and each replicate contained three concentration gradients 
(Table A.6). Platinum SYBR green qPCR SuperMix-UDG kit (Life Technologies) and Agilent 
Mx3005P qPCR System (Agilent Technologies) were used for qRT-PCR experiments. A cutoff 
threshold of 0.1 was used for cycle threshold (Ct) determination. The -ΔΔCt method (Schmittgen 
and Livak 2008) was used to compare the expression of each gene to a reference gene, the 
soybean translation elongation factor 1B (Ma et al. 2013; Zhou et al. 2014). Relative expression 
analysis was normalized to 20 dpi. Evaluation of SMV and phytotoxin genes that inserted in 
SMV vector was repeated three times with two replicates per repeat. Total measurements were 
pooled (n = 150) and were analyzed by SAS in the proc mixed model by using three factors: 
gene, dpi, and gene:dpi combination. Repeats and replicates within each repeat were assigned as 
random factors. The slopes of each treatment were compared with the slope of SMV empty 
vector. Severity of foliar symptoms was graded. Total measurements (n = 90) were pooled for 
GLM analysis in R.  
 
GWAS identification of soybean loci for SMV::FvNIS1 sensitivity 
A total of 80 soybean PI requested from the United Stated Department of Agriculture soybean 
germplasm collection were evaluated for sensitivity to SMV::FvNIS1. Phenotypes were assigned 
into binary outcomes such that 0 represents mosaic symptoms without necrosis and 1 represents 
mosaic symptoms with necrosis. Genotypes of these soybean PI were extracted from 
SoySNP50K (Song et al. 2013). Missing SNPs were imputed by BEAGLE version 3.3.2 
(Browning and Browning 2009). BIC-based model selection and PCA were used to evaluate 
population structure. Zero principal components were assigned in the GWAS model. SNPs with 
minor allele frequency below 0.05 were excluded, leaving 35,503 SNPs for GWAS. Significant 
SNPs were identified by GAPIT, using the MLM model (Lipka et al. 2012), and PLINK, using 
the Cochran-Armitage trend test model (Purcell et al. 2007). A 200-Mb region that harbors the 
significant SNPs in the center was further extracted for Fisher’s exact test to confirm the 
associations. A cutoff false discovery rate of 0.05 and Bonferroni-corrected threshold of 
1.41×10-06 (p value of 0.05 over 35,503 independent tests) were used for determining significant 
SNPs.  
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Construction of Δfvnis1 deletion mutants and complementation strains 
A split-marker approach was used to generate fvnis1 mutants (Table A.7). The TrpC 
promoter-driven hygromycin gene was cloned in between fvnis1 upstream and downstream 
sequence. Upstream and downstream split markers were amplified by PCR and were delivered 
into protoplasts of F. virguliforme, following previous reported protocols (Ge et al. 2013; 
Mansouri et al. 2009; Szewczyk et al. 2006). Transformants were selected on PDA containing 30 
µg of hygromycin per milliliter. Single-spore isolation was conducted to acquire purified mutants 
that were grown on PDA containing 30 µg of hygromycin per milliliter. To construct 
complementation strains, cDNA of FvNIS1 was cloned under TrpC promoter, and concatenated 
after a TrpC promoter- driven G418 resistant cassette. The complementation DNA sequence was 
delivered into protoplasts of Δfvnis1-1, using the same approach described above, and was then 
purified on PDA containing 50 µg of G418 per milliliter. Mycelia 1 morphology, growth rate, 
sporulation, and in planta expression of other phytotoxin-related genes were evaluated to 
examine any physiological malfunction. Roots of soybean seedlings were germinated for 5 days 
at 25 C. Each radicle was inoculated with 50 µl of 1 × 106 macroconidia per milliliter of F. 
virguliforme. The conidia were collected from a 5-day-old culture grown on PDA. Inoculated 
radicles were incubated without light at 25 °C, and total RNA was extracted by TRIzol at 5 dpi. 
cDNA synthesis and qRT-PCR were conducted as described previously. Gene expression was 
normalized to the translation elongation factor 1A of F. virguliforme (FvEF1A) (Kim and Yun 
2011). In planta gene expression analysis was repeated three times with three replicates for each. 
To understand whether fvnis1 mutants had reduced phytotoxicity to soybean leaves, 20-day-old 
SDB culture filtrates of wild-type Mont1, three Δfvnis1 mutants, and two Δfvnis1-1::fvnis1 
complementation strains were tested through a stem-cutting assay. Foliar severity was graded 
daily until 7 dpi, and AUDPC was calculated to represent the phytotoxicity of culture filtrates. 
The experiment was repeated four times with three replicates in each repeat for each strain. Total 
measurements (n = 84) were pooled for GLM analysis in R.  
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Frías, M., Gonza ĺez, C., and Brito, N. 2011. BcSpl1, a cerato-platanin family protein, contributes to Botrytis cinerea 
virulence and elicits the hypersensitive response in the host. New Phytol. 192:483-495.  
Friesen, T., and Faris, J. D. 2010. Characterization of the wheat-Stagonospora nodorum disease system: What is the 
molecular basis of this quantitative necrotrophic disease interaction? Can. J. Plant Pathol. 32:20-28.  
Friesen, T. L., Meinhardt, S. W., and Faris, J. D. 2007. The Stagonospora nodorum-wheat pathosystem involves 
multiple proteinaceous host- selective toxins and corresponding host sensitivity genes that interact in an inverse 
gene-for-gene manner. Plant J. 51:681-692.  
Gallo, A., Ferrara, M., and Perrone, G. 2013. Phylogenetic study of polyketide synthases and nonribosomal peptide 
synthetases involved in the biosynthesis of mycotoxins. Toxins (Basel) 5:717-742.  
Ge, C.-Y., Duan, Y.-B., Zhou, M.-G., and Chen, C.-J. 2013. A protoplast transformation system for gene deletion 
and complementation in Sclerotinia sclerotiorum. J. Phytopathol. 161:800-806.  
Hartman, G. L., Chang, H.-X., and Leandro, L. F. 2015. Research advances and management of soybean sudden 
death syndrome. Crop Prot. 73:60- 66.  
Hartman, G. L., Huang, Y. H., and Li, S. 2004. Phytotoxicity of Fusarium solani culture filtrates from soybean and 
other hosts assayed by stem cuttings. Australas. Plant Pathol. 33:9-15.  
Irieda, H., Maeda, H., Akiyama, K., Hagiwara, A., Saitoh, H., Uemura, A., Terauchi, R., and Takano, Y. 2014. 
Colletotrichum orbiculare secretes virulence effectors to a biotrophic interface at the primary hyphal neck via 
exocytosis coupled with SEC22-mediated traffic. Plant Cell 26: 2265-2281.  
Jeong, J. S., Mitchell, T. K., and Dean, R. A. 2007. The Magnaporthe grisea snodprot1 homolog, MSP1, is required 
for virulence. FEMS (Fed. Eur. Microbiol. Soc.) Microbiol. Lett. 273:157-165.  
Jin, H., Hartman, G. L., Nickell, C. D., and Widholm, J. M. 1996. Characterization and purification of a phytotoxin 
produced by Fusarium solani, the causal agent of soybean sudden death syndrome. Phytopathology 86:277-
282.  
Kanneganti, T.-D., Huitema, E., Cakir, C., and Kamoun, S. 2006. Synergistic interactions of the plant cell death 
pathways induced by Phytophthora infestans Nepl-like protein PiNPP1.1 and INF1 elicitin. Mol. Plant-
Microbe Interact. 19:854-863.  
Keller, O., Kollmar, M., Stanke, M., and Waack, S. 2011. A novel hybrid gene prediction method employing protein 
multiple sequence alignments. Bioinformatics 27:757-763.  
Kelley, B. S., Lee, S.-J., Damasceno, C. M. B., Chakravarthy, S., Kim, B.-D., Martin, G. B., and Rose, J. K. C. 
2010. A secreted effector protein (SNE1) from Phytophthora infestans is a broadly acting suppressor of 
programmed cell death. Plant J. 62:357-366.  
Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S. L. 2013. TopHat2: Accurate alignment 
of transcriptomes in the presence of insertions, deletions and gene fusions. Genome Biol. 14:R36- R48.  
Kim, H.-K., and Yun, S.-H. 2011. Evaluation of potential reference genes for quantitative RT-PCR analysis in 
Fusarium graminearum under different culture conditions. J. Plant Pathol. 27:301-309.  
Kimura, M., Tokai, T., Takahashi-Ando, N., Ohsato, S., and Fujimura, M. 2007. Molecular and genetic studies of 
Fusarium trichothecene biosynthesis: Pathways, genes, and evolution. Biosci. Biotechnol. Biochem. 71:2105-
	 20	
2123.  
Kleemann, J., Rincon-Rivera, L. J., Takahara, H., Neumann, U., Ver Loren van Themaat, E., van der Does, H.C., 
Hacquard, S., Stùber, K., Will, I., Schmalenbach, W., Schmelzer, E., and O’Connell, R. J. 2012. Sequential 
delivery of host-induced virulence effectors by appressoria and intracellular hyphae of the phytopathogen 
Colletotrichum higginsianum. PLoS Pathog. 8:e1002643. doi:10.1371/journal.ppat.1002643.  
Knief, C. 2014. Analysis of plant microbe interactions in the era of next generation sequencing technologies. Front. 
Plant Sci. 5:216.  
Kroken, S., Glass, N. L., Taylor, J. W., Yoder, O. C., and Turgeon, B. G. 2003. Phylogenomic analysis of type I 
polyketide synthase genes in pathogenic and saprobic ascomycetes. Proc. Natl. Acad. Sci. U.S.A. 100: 15670-
15675.  
Kuroda, K., Ishii, Y., Takasu, S., Kijima, A., Matsushita, K., Watanabe, M., Takahashi, H., Sugita-Konishi, Y., 
Sakai, H., Yanai, T., Nohmi, T., Ogawa, K., and Umemura, T. 2013. Cell cycle progression, but not genotoxic 
activity, mainly contributes to citrinin-induced renal carcinogenesis. Toxicology 311:216-224.  
Li, C., Zuo, C., Deng, G., Kuang, R., Yang, Q., Hu, C., Sheng, O., Zhang, S., Ma, L., Wei, Y., Yang, J., Liu, S., 
Biswas, M. K., Viljoen, A., and Yi, G. 2013. Contamination of bananas with beauvericin and fusaric acid 
produced by Fusarium oxysporum f. sp. cubense. PLoS One 8:e70226. doi:10.1371/journal.pone.0070226.  
Lipka, A. E., Tian, F., Wang, Q., Peiffer, J., Li, M., Bradbury, P. J., Gore, M. A., Buckler, E. S., and Zhang, Z. 
2012. GAPIT: Genome association and prediction integrated tool. Bioinformatics 28:2397-2399.  
Liu, Z., Faris, J. D., Oliver, R. P., Tan, K.-C., Solomon, P. S., McDonald, M. C., McDonald, B., Nunez, A., S., L., 
Rasmussen, J. B., and Friesen, T. L. 2009. SnTox3 acts in effector triggered susceptibility to induce disease on 
wheat carrying the Snn3 gene. PLoS Pathog 5:e1000581. doi: 10.1371/journal.ppat.1000581.  
Liu, Z., Zhang, Z., Faris, J. D., Oliver, R. P., Syme, R., McDonald, M. C., McDonald, B. A., Solomon, P. S., Lu, S., 
Shelver, W. L., Xu, S., and Friesen, T. L. 2012. The cysteine rich necrotrophic effector SnTox1 produced by 
Stagonospora nodorum triggers susceptibility of wheat lines harboring Snn1. PLoS Pathog. 8:e1002467. 
doi:10.1371/journal.ppat.1002467.  
Ma, S., Niu, H., Liu, C., Zhang, J., Hou, C., and Wang, D. 2013. Expression stabilities of candidate reference genes 
for RT-qPCR under different stress conditions in soybean. PLoS One 8:e75271. doi:10.1371/journal. 
pone.0075271.  
Mansouri, S., Wuk, R., Rep, M., and Fakhoury, A. M. 2009. Transformation of Fusarium virguliforme, the causal 
agent of sudden death syndrome of soybean. J. Phytopathol. 157:319-321.  
Moffat, C. S., See, P. T., and Oliver, R. P. 2014. Generation of a ToxA knockout strain of the wheat tan spot 
pathogen Pyrenophora tritici-repentis. Mol. Plant Pathol. 15:918-926.  
Oliver, R. P., Friesen, T. L., Faris, J. D., and Solomon, P. S. 2012. Stagonospora nodorum: From pathology to 
genomics and host resistance. Annu. Rev. Phytopathol. 50:23-43.  
Oome, S., and Van den Ackerveken, G. 2014. Comparative and functional analysis of the widely occurring family of 
Nep1-like proteins. Mol. Plant-Microbe Interact. 27:1081-1094.  
Petersen, T. N., Brunak, S., von Heijne, G., and Nielsen, H. 2011. SignalP 4.0: Discriminating signal peptides from 
	 21	
transmembrane regions. Nat. Methods 8:785-786.  
Piper, P. W., and Millson, S. H. 2012. Spotlight on the microbes that produce heat shock protein 90-targeting 
antibiotics. Open Biol. 2:120138. doi:10.1098/rsob.120138.  
Pudake, R. N., Swaminathan, S., Sahu, B. B., Leandro, L. F., and Bhattacharyya, M. K. 2013. Investigation of the 
Fusarium virguliforme fvtox1 mutants revealed that the FvTox1 toxin is involved in foliar sudden death 
syndrome development in soybean. Curr. Genet. 59:107- 117.  
Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A. R., Bender, D., Maller, J., Sklar, P., de Bakker, 
P. I. W., Daly, M. J., and Sham, P. C. 2007. PLINK: A tool set for whole-genome association and population-
based linkage analyses. Am. J. Hum. Genet. 81:559-575.  
Qutob, D., Kamoun, S., and Gijzen, M. 2002. Expression of a Phytophthora sojae necrosis-inducing protein occurs 
during transition from biotrophy to necrotrophy. Plant J. 32:361-373.  
Ribeiro, S. M., Chagas, G. M., Campello, A. P., and Klu ̈ppel, M. L. 1997. Mechanism of citrinin-induced 
dysfunction of mitochondria. V. Effect on the homeostasis of the reactive oxygen species. Cell Biochem. Funct. 
15:203-209.  
Santhanam, P., van Esse, H. P., Albert, I., Faino, L., Nu ̈rnberger, T., and Thomma, B. P. H. J. 2013. Evidence for 
functional diversification within a fungal NEP1-like protein family. Mol. Plant-Microbe Interact. 26: 278-286.  
Schmittgen, T. D., and Livak, K. J. 2008. Analyzing real-time PCR data by the comparative C(T) method. Nat. 
Protoc. 3:1101-1108.  
Schouten, A., van Baarlen,P., and van Kan, J.A. 2008. Phytotoxic Nep1-like proteins from the necrotrophic fungus 
Botrytis cinerea associate with membranes and the nucleus of plant cells. New Phytol. 177:493-505.  
Shi, G., Friesen, T. L., Saini, J., Xu, S. S., Rasmussen, J. B., and Faris, J. D. 2015. The wheat Snn7 gene confers 
susceptibility on recognition of the Parastagonospora nodorum necrotrophic effector SnTox. Plant Genome 8. 
doi:10.3835/plantgenome2015.3802.0007  
Song, Q., Hyten, D. L., Jia, G., Quigley, C. V., Fickus, E. W., Nelson, R. L., and Cregan, P. B. 2013. Development 
and evaluation of SoySNP50K, a high-density genotyping array for soybean. PLoS One 8:e54985. doi: 
10.1371/journal.pone.0054985.  
Sperschneider, J., Dodds, P. N., Gardiner, D. M., Manners, J. M., Singh, K. B., and Taylor, J. M. 2015. Advances 
and challenges in computational prediction of effectors from plant pathogenic fungi. PLoS Pathog 11: 
e1004806. doi:10.1001371/journal.ppat.1004806  
Srivastava, S. K., Huang, X., Brar, H. K., Fakhoury, A. M., Bluhm, B. H., and Bhattacharyya, M. K. 2014. The 
genome sequence of the fungal pathogen Fusarium virguliforme that causes sudden death syndrome in 
soybean. PLoS One 9:e81832.  
Stergiopoulos, I., Collemare, J., Mehrabi, R., and De Wit, P. J. G. M. 2013. Phytotoxic secondary metabolites and 
peptides produced by plant pathogenic Dothideomycete fungi. FEMS (Fed. Eur. Microbiol. Soc.) Microbiol. 
Rev. 37:67-93.  
Strange, R. N. 2007. Phytotoxins produced by microbial plant pathogens. Nat. Prod. Rep. 24:127-144.  
Szewczyk, E., Nayak, T., Oakley, C. E., Edgerton, H., Xiong, Y., Taheri- Talesh, N., Osmani, S. A., and Oakley, B. 
	 22	
R. 2006. Fusion PCR and gene targeting in Aspergillus nidulans. Nat. Protoc. 1:3111-3120.  
Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. 2013. MEGA6: Molecular evolutionary genetics 
analysis version 6.0. Mol. Biol. Evol. 30:2725-2729.  
Tan, K.-C., Phan, H. T. T., Rybak, K., John, E., Chooi, Y. H., Solomon, P. S., and Oliver, R. P. 2015. Functional 
redundancy of necrotrophic effectors–Consequences for expoitation for breeding. Front. Plant Sci. 
doi:10.3389/fpls.2015.00501  
Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., Pimentel, H., Salzberg, S. L., Rinn, J. L., and 
Pachter, L. 2012. Differential gene and transcript expression analysis of RNA-seq experiments with TopHat 
and Cufflinks. Nat. Protoc. 7:562-578.  
Vleeshouwers, V. G. A. A., and Oliver, R. P. 2014. Effectors as tools in disease resistance breeding against 
biotrophic, hemibiotrophic, and necrotrophic plant pathogens. Mol. Plant-Microbe Interact. 27:196-206.  
Wicklow, D. T., Jordan, A. M., and Gloer, J. B. 2009. Antifungal metabolites (monorden, monocillins I, II, III) from 
Colletotrichum graminicola, a systemic vascular pathogen of maize. Mycol. Res. 113: 1433-1442.  
Wilson, L. M., Idnurm, A., and Howlett, B. J. 2002. Characterization of a gene (sp1) encoding a secreted protein 
from Leptosphaeria maculans, the blackleg pathogen of Brassica napus. Mol. Plant Pathol. 3:487-493.  
Xiang, Y., Scandiani, M. M., Herman, T. K., and Hartman, G. L. 2015. Optimizing production and evaluation 
conditions for Fusarium virguliforme cell-free toxic filtrates to evaluate soybean genotype responses to isolates 
causing sudden death syndrome. Plant Dis. 99:502-507.  
Yadav, G., Gokhale, R. S., and Mohanty, D. 2009. Towards prediction of metabolic products of polyketide 
synthases: An in silico analysis. PLOS Comput. Biol. 5:e1000351.  
Yang, Y., Zhang, H., Li, G., Li, W., Wang, X., and Song, F. 2009. Ectopic expression of MgSM1, a Cerato-platanin 
family protein from Magnaporthe grisea, confers broad-spectrum disease resistance in Arabidopsis. Plant 
Biotechnol. J. 7:763-777.  
Yekkour, A., Tran, D., Arbelet-Bonnin, D., Briand, J., Mathieu, F., Lebrihi, A., Errakhi, R., Sabaou, N., and 
Bouteau, F. 2015. Early events induced by the toxin deoxynivalenol lead to programmed cell death in 
Nicotiana tabacum cells. Plant Sci. 238:148-157.  
Yoshino, K., Irieda, H., Sugimoto, F., Yoshioka, H., Okuno, T., and Takano, Y. 2012. Cell death of Nicotiana 
benthamiana is induced by secreted protein NIS1 of Colletotrichum orbiculare and is suppressed by a 
homologue of CgDN3. Mol. Plant-Microbe Interact. 25:625-636.  
Zhou, B.-J., Jia, P.-S., Gao, F., and Guo, H.-S. 2012. Molecular characterization and functional analysis of a 
necrosis- and ethylene- inducing, protein-encoding gene family from Verticillium dahliae. Mol. Plant-Microbe 
Interact. 25:964-975.  
Zhou, L., He, H., Liu, R., Han, Q., Shou, H., and Liu, B. 2014. Overexpression of GmAKT2 potassium channel 
enhances resistance to soybean mosaic virus. BMC Plant Biol. 14:154.  
 
 
 
	 23	
TABLES 
 
Table 1.1. Identification of polyketide synthases (PKS) and nonribosomal peptide 
synthetases (NRPS) of Fusarium virguliforme  
Name Gene ID Putative Metabolites Bootstrap value 
PKS 
fvpks1 g9470 Radicicol 76 
fvpks2 g9476 Radicicol 92 
fvpks3 g15275 Citrinin 99 
fvpks4 g3064 Fusaric acid 96 
fvpks5 g7866 AF-toxin-close product 61 
fvpks6 g11035 T-toxin-close product 66 
fvpks7 g13193 Fusarubin-close pigment 99 
fvpks8 g15010 Perithecial pigment 99 
fvpks9 g11834 Unknown – 
fvpks10 g1692 Fumonisin-close product 99 
fvpks11 g15266 Fumonisin-close product 99 
fvpks12 g12965 Fatty acid-close product 99 
NRPS 
fvnrps1 g9648 Siderophore-close product 99-100 
fvnrps2 g5038 Unknown – 
fvnrps3 g4177 Unknown – 
fvnrps4 g2980 Unknown – 
fvnrps5 g2743 Unknown – 
fvnrps6 g2085 Unknown – 
fvnrps7 g64 Unknown – 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 24	
Table 1.2. Identification of putative phytotoxic effectors  
Name Gene ID Gene Size (bp) Annotation E value 
fvtox1 g14460 519 F. virguliforme  Tox1 4×10-124 
fvtox2 g14684 369 – – 
fvcp1  g1821 666 Nectria haematococca mpVI 77-13-4  Cerato-platanin 1×10-152 
fvcp2  g9439 423 F. oxysporum f. sp. cubense race 4  SnodProt1 5×10-66 
fvcp3 g8440 855 Nectria haematococca mpVI 77-13-4  Cerato-platanin 4×10-148 
fvcdip1 g4207 1065 Magnaporthe oryzae 70-15 cell death-inducing protein  5×10-180 
fvnlp1  g5890 711 Nectria haematococca mpVI 77-13-4  NPP1 domain protein 3×10-144 
fvnlp2 g8126 390 Nectria haematococca mpVI 77-13-4  NPP1 domain protein 6×10-82 
fvnlp3  g2173 852 Colletotrichum higginsianum  NPP1 domain protein 6×10-45 
fvnlp4 g3087 1203 Trichoderma virens Gv29-8  NPP1 domain protein 0.0 
fvnis1 g13723 426 Colletotrichum orbiculare  NIS1 2×10-66 
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Table 1.3. Significant SNPs, loci, and candidate LRR-RLK genes in GWAS model 
Loci ss_id Chrm Position MAF* P value FDR# Overlapped QTL Candidate genes 
locus1-
FvNIS1 
ss715638194 20 40656371 0.05 1.58×10-07 0.003 – Glyma.20g181100 
ss715638215 20 40809306 0.05 1.58×10-07 0.003 
locus2-
FvNIS1 
ss715592683 6 10231292 0.10 1.77×10-06 0.021 SDS13-11 Glyma.06g124200 
Glyma.06g124700       
*MAF: minor allele frequency 
#FDR: false-discover rate 
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FIGURES 
 
 
Fig. 1.1. Phylogenetic analysis for polyketide synthases (PKS) of Fusarium virguliforme. 
The background database contains the KS domain protein sequence of fungal PKS, which was 
classified based on reduction potential: highly-reducing (HR), partially-reducing (PR), and 
nonreducing (NR). Six PKS of F. virguliforme had high similarity to PKS that synthesize citinin, 
fumonisin, fusaric acid, and radicicol. Bayesian information criterion: 64837.161; Akaike 
information criterion corrected: 63743.102; and maximum likelihood value: _31735.804. 
Bootstrap support values below 50 were not shown at nodes.  
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Fig. 1.2. Foliar symptoms induced by A, citrinin, B, fusaric acid, and C, radicicol at 3 days 
postinoculation.  
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Fig. 1.3. Characterization of phytotoxic effectors using a Soybean mosaic virus (SMV) 
expression system. SMV expressing FvTox1, FvTox2, FvCP1-2, FvCDIP1, and FvNLP1 to 
FvNLP4 did not induce sudden death syndrome (SDS)-like foliar symptoms. Instead, SMV 
expressing FvNIS1 displayed typical SDS foliar symptoms, including interveinal chlorosis and 
necrosis and marginal upward curling of leaflets. Leaves with severe symptoms tended to 
defoliate easily as well.  
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Fig. 1.4. Sudden appearance of sudden death syndrome (SDS)-like foliar symptoms 
induced by FvNIS1 over time. A, Healthy soybean cultivar Essex. B, Soybean inoculated with 
empty Soybean mosaic virus (SMV) vector, showing typical mosaic symptoms at 20 through 40 
days postinoculation (dpi). C, Soybeans inoculated with SMV::FvTox1, visually 
indistinguishable to SMV vector. D, Soybeans inoculated with SMV::FvNIS1, displaying 
chlorotic spots that later turned into necrotic spots around 20 dpi, interveinal chlorosis around 30 
dpi, and severe interveinal necrosis by 40 dpi. E, Quantification of viral expression and foliar 
severity in SMV-, SMV::FvTox1-, and SMV::FvNIS1-inoculated soybeans. The expression of 
SMV and fvtox1 in SMV::FvTox1- inoculated plants and the expression of SMV and fvnis1 in 
SMV::FvNIS1 inoculated plants were not significantly different from the expression of SMV in 
SMV-inoculated plants over time. However, the foliar severity of SMV::FvNIS1-inoculated 
plants increased significantly between 30 to 40 dpi. The results indicated the severity caused by 
SMV::FvNIS1 was not related to fvnis1 expression in plants. Bar chart and left y axis indicates 
the severity of SDS-like foliar symptoms. Line chart and right y axis indicates the expression 
fold (log10) normalized to 20 dpi for each group. Parentheses in the line legend indicate the 
target gene for quantitative reverse transcription-polymerase chain reaction detection. 
Significance was determined at p < 0.01.  
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Fig. 1.5. Genome-wide association study (GWAS) to identify soybean loci associated with 
sensitivity to SMV::FvNIS1. A, SMV::FvNIS1 induced different intensities of leaf chlorosis 
and necrosis on 75 soybean genotypes but not PI 548301, PI 567742B, PI 594399C, PI 603524, 
and PI 603581. Resistant soybean genotypes that displayed mosaic or chlorotic spots were 
classified as 0, while susceptible varieties that displayed necrotic spots to interveinal necrosis 
were classified as 1. B, A principal component analysis plot indicated negligible population 
structure in the 80 soybean varieties. C, A quantile-quantile plot indicated the appropriateness of 
the GWAS model. D, GWAS identified three single nucleotide polymorphisms (SNPs) with a 
false discovery rate <0.05 (shown in green). Two SNPs on chromosome 20 overlapped because 
of their close distance. The most significant locus, FvNIS1, exceeded the Bonferroni threshold 
and had not been reported to associate with sudden death syndrome. The second, locus2-FvNIS1, 
has significance just below the Bonferroni threshold and was located within the region of a 
reported quantitative trait locus, SDS13-11.  
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Fig. 1.6. Δfvnis1 mutants maintained phytotoxicity on soybean leaves. A, Fusarium 
virguliforme wild type (WT), Δfvnis1 mutants, and fvnis1 complementation strains exhibited 
similar expression levels on genes that encode polyketide synthases and other phytotoxic 
effectors other than FvNIS1. The results indicated target gene replacement of fvnis1 did not 
affect other phenotypes. B, Culture filtrates of Δfvnis1 mutants displayed reduced phytotoxicity 
but still caused interveinal chlorosis and some necrosis. C, Quantification of the culture filtrate 
phytotoxicity through a stem-cutting assay over 7 days. The area under disease progress curve 
was used to represent phytotoxicity of WT, Δfvnis1 mutants, and fvnis1 complementation strains.  
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CHAPTER 2. GENOMIC CHARACTERIZATION OF PLANT CELL WALL 
DEGRADING ENZYMES AND IN SILICO ANALYSIS OF XYLANASES AND 
POLYGALACTURONASES OF FUSARIUM VIRGULIFORME 
 
ABSTRACT 
 
Plant cell wall degrading enzymes (PCWDEs) are a subset of carbohydrate-active enzymes 
(CAZy) produced by plant pathogens to degrade plant cell walls. To counteract PCWDEs, plants 
release PCWDEs inhibitor proteins (PIPs) to reduce their impact. Several transgenic plants 
expressing exogenous PIPs that interact with fungal glycoside hydrolase (GH) GH11-type 
xylanases or GH28-type polygalacturonase (PG) have been shown to enhance disease resistance. 
However, many Fusarium species were reported to escape PIPs inhibition. Fusarium 
virguliforme is a soil-borne pathogen that causes soybean sudden death syndrome (SDS). 
Although its genome was sequenced, there were limited studies focused on the PCWDEs of F. 
virguliforme. Our goal was to understand the genomic CAZy structure of F. viguliforme, and 
determine if exogenous PIPs could be theoretically used in soybean to enhance resistance against 
SDS. F. virguliforme produces diverse CAZy to degrade cellulose and pectin, similar to other 
necrotorphic and hemibiotrophic plant pathogens. However, some common CAZy of plant 
pathogenic fungi that catalyze hemicellulose, such as glycoside hydrolase (GH) 29, GH30, 
GH44, GH54, GH62, and GH67, were deficient in F. virguliforme. While the absence of these 
CAZy families might be complemented by other hemicellulases, F. virguliforme contained 
unique families including GH131, polysaccharide lyase (PL) 9, PL20, and PL22 that were not 
reported in other plant pathogenic fungi or oomycetes. Sequence analysis revealed two GH11 
xylanases of F. virguliforme, FvXyn11A and FvXyn11B, have conserved residues that allow 
xylanase inhibitor protein I (XIP-I) binding. Structural modeling suggested that FvXyn11A and 
FvXyn11B could be blocked by XIP-I. In contrast, one GH28 PG, FvPG2, contains an amino 
acid substitution that is potentially incompatible with the bean polygalacturonase-inhibitor 
protein II (PvPGIP2). Identification and annotation of CAZy provided advanced understanding 
of genomic composition of PCWDEs in F. virguliforme. We postulate that a transgenic soybean 
expressing wheat XIP-I may be useful for developing root rot resistance to F. virguliforme. 
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INTRODUCTION 
 
Inactivation of pathogen plant cell wall degrading enzymes (PCWDEs) is one of the strategies 
that plants employ to prevent infection. Several plant-derived extracellular PCWDEs inhibitor 
proteins (PIPs) were reported to not only reduce PCWDEs activities but also trigger defense 
response upon recognition of PCWDEs (Beliën et al. 2009; Federici et al. 2006; Misas-Villamil 
et al. 2008). The importance of PIPs in plant defense has been demonstrated in transgenic plants 
expressing exogenous PIPs that show enhanced biotic resistance. For example, wheat xylanase 
inhibitors, such as xylanase inhibitor protein I (XIP-I) and Triticum aestivum xylanase inhibitor 
III (TAXI-III), have been shown to inhibit fungal GH11 xylanases (Misas-Villamil et al. 2008; 
Beliën et al. 2007; Payan et al. 2004).  Similarly, transgenic wheat with TAXI-III increased 
resistance to necrosis and head blight caused by Fusarium graminearum (Moscetti et al. 2013; 
Moscetti et al. 2015; Tundoa et al. 2015). Another well-studied example is the polygalacturonase 
(PG) inhibitor proteins (PGIP), a leucine-rich repeat protein of plants that interact with fungal 
GH28 PG (Federici et al. 2006; Di Matteo et al. 2006). Several transgenic plants expressing 
exogenous PGIPs have been shown to increase resistance against a broad spectrum of pathogens 
(Agüero et al. 2005; Akhgari et al. 2012; Ferrari et al. 2012; Joubert et al. 2006; Manfredini et al. 
2005; Powell et al. 2000; Wang et al. 2013). The mechanism of enhanced resistance in PGIP-
transgenic plants has been recently demonstrated. In vivo expression of chimeric PGIP-PG in 
Arabidopsis showed that PGIP-PG interaction induced the production of oligogalacturonides, 
which serves as a damage-associated molecular mechanism to stimulate resistance (Benedetti et 
al. 2015).  
 
Soybean sudden death syndrome (SDS), which is caused by a soilborne fungus F. 
virguliforme, is responsible for annual losses around US$190 million (Hartman et al. 2015). 
Breeding for SDS resistance is difficult because the interaction between F. virguliforme and 
soybean is quantitative. Instead, it has been suggested that transgenic approaches may be suitable 
to manage SDS (Lightfoot et al. 2015), and transgenic soybeans expressing exogenous toxin-
specific antibody has been shown to reduce SDS foliar symptoms (Brar et al. 2011; Hartman et 
al. 2015). However, symptoms caused by F. virguliforme include not only foliar symptoms but 
also root rot and vascular discoloration (Hartman et al. 2015). Soybeans that exhibit partial root 
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resistance have been shown to have up-regulated genes involved in plant cell wall enhancement 
upon root infection by F. virguliforme (Iqbal et al. 2005). Differences in root susceptibility of 
soybean genotypes also showed different expression patterns of genes involved in plant cell wall 
synthesis (Radwan et al. 2011). These studies indicated that plant cell wall modification maybe 
involved in resistance against F. virguliforme, which highlights the possibility of using 
transgenic soybeans that express exogenous PIPs to prevent and/or slow fungal colonization of 
soybean roots. However, an in silico study would be useful before embarking in a time-
consuming transgenic project, as it would be important to know if F. virguliforme secrets 
compatible PCWDEs to the transgenic exogenous PIPs during infection. 
 
Although the genome of F. virguliforme has been published (Srivastava et al. 2014), genomic 
structure of PCWDEs remains uncharacterized. In this study, we annotated PCWDEs in the F. 
virguliforme genome, and further focused on the orthologous GH11 xylanases and GH28 PGs of 
F. virguliforme. The goal was to understand the genomic PCWDEs structure of F. virguliforme 
and to evaluate if orthologous GH11 xylanases and GH28 PGs of F. virguliforme have potential 
to serve as targets for exogenous PIPs produced by transgenic soybeans. 
 
RESULTS AND DISCUSSION 
 
Identification of carbohydrate-active enzymes (CAZy) in the genome of F. virguliforme  
CAZy are proteins with polysaccharide-degrading enzymatic activities on polysaccharides 
(Glass et al. 2013; Lombard et al. 2013). We identified 629 putative genes that encode CAZy in 
the genome of F. virguliforme (Table S1). Of the six CAZy classes, carbohydrate esterases (CE), 
glycoside hydrolases (GH), and polysaccharide lyases (PL) are referred to as PCWDEs because 
of their primary functions on plant cell wall degradation. There were 66, 292, and 28 genes 
belonging to the CE, GH, and PL classes, respectively (Table 2.1). Three other classes with 
indirect roles on degrading carbohydrates are auxiliary activity (AA), carbohydrate-binding 
module (CBM), and glycosyl-transferase (GT). There were with 96, 31, and 116 genes identified 
in the AA, CBM, and GT classes, respectively (Table 2.2). 
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Identification of cellulose-degrading enzymes in the genome of F. virguliforme 
Cellulose is the most abundant component in plant cell walls, which results from the 
polymerization of glucose and the formation of a microfibril framework for other components to 
join (Glass et al. 2013; Lagaert et al. 2009; van den Brink et al. 2011). Most cellulose-degrading 
enzymes are categorized within GH classes. GH1, GH3, and GH5 are prevalent PCWDEs that 
catalyze not only cellulose, but also hemicellulose and pectin (Table 2.1). Plant pathogenic 
oomycetes, and hemibiotrophic as well as necrotrophic fungi generally contain more GH1 
degrading enzymes than biotrophic fungi. For example, the genome of F. virguliforme encodes 
five GH1 genes while most biotrophic fungi have none (Blackman et al. 2014; Zerillo et al. 
2013; Zhao et al. 2013). For enzymes in the GH3 family, F. virguliforme, hemibiotrophic and 
necrotrophic fungi, and Phytophthora species contain 8-38 genes compared to relatively fewer 
for biotrophic fungi and Pythium species (Fig. 2.1A). Endo- and exo-β-1,4-glucanases in the 
GH5 family are cellulose-degrading enzymes employed by both plant pathogenic fungi and 
oomycetes, and F. virguliforme has 15 GH family genes. In addition, F. virguliforme has one 
GH6 and three GH7 that not only have endo- and exo-β-1,4-glucanase but also cellobiohydrolase 
activity. GH12 encode cellulose/hemicellulose-degrading enzymes similar to GH3, which is 
common in F. virguliforme, plant pathogenic fungi and Phytophthora species but not in Pythium 
species. GH30 is dominant in oomycetes but not in plant pathogenic fungi, and none was found 
in F. virguliforme (Fig. 2.1A). On the other hand, GH45 and GH51 are fungi-specific degrading 
enzymes that have not been found in oomycetes (Blackman et al. 2014; Zhao et al. 2013). 
GH131 CAZy that encodes exo-β-1,3/1,6- and endo-1,4-glucanase was only found in F. 
virguliforme. In addition to GH families, some AA families, such as AA8 and AA9, have been 
reported to accelerate cellulose degradation. Instead of catalyzing carbohydrates, enzymes in the 
AA9 family (previously known as GH61) have copper-dependent lytic polysaccharide 
monooxygenase activity to assist degradation of lignocellulose (Lombard et al. 2013; Levasseur 
et al. 2013). It has been suggested that plant pathogenic fungi have more AA9 genes than 
oomycetes (Blackman et al. 2014; Zerillo et al. 2013; Zhao et al. 2013), and 12 AA9 genes were 
found in F. virguliforme (Table 2.2). 
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Identification of hemicellulose-degrading enzymes in the genome of F. virguliforme 
Hemicellulose is composed of polymers such as xyloglucan, xylan and galactomannan, cross-
links the cellulose microfibrils and provides strength to plant cell walls (Glass et al. 2013; 
Lagaert et al. 2009; van den Brink et al. 2011). In addition to GH1, GH3, GH5, GH12, GH51, 
and GH131 that have both cellulose- and hemicellulose-degrading activities, GH2, GH10, and 
GH11 are important hemicellulose-degrading enzymes for plant pathogenic fungi including F. 
virguliforme (Table 2.1). However, these families are generally deficient in oomycetes, except 
GH10, which exists in Phytophthora species (Fig. 2.1B). GH29, GH30, GH44, GH54, GH62, 
and GH67 families are absent in the genome of F. virguliforme. A closely related species, 
Nectria haematococca (anamorph Fusaium solani), has no CAZy in the GH29 and GH30 either. 
Instead, F. oxysporum and F. verticillioides have at least two enzymes for each GH29 and GH30 
(Zhao et al. 2013). Nevertheless, F. virguliforme contains two GH95 α-fucosidases that may 
have similar enzymatic activities to GH29 and GH30, which remove xyloses from xyloglucan 
(Glass et al. 2013). F. virguliforme has no GH54 and GH62 that encode α-L-
arabinofuranosidases, but N. haematococca, F. oxysporum, and F. verticillioides have at least 
one GH54 and one GH62 enzyme (Zhao et al. 2013). The function of GH54 and GH62 may be 
redundant to GH3, GH10, GH43, and GH51 (Glass et al. 2013), which could be found in the F. 
virguliforme genome (Table 2.2). Among these four families, GH43 is one of the largest CAZy 
that catalyzes both hemicellulose and pectin, and F. virguliforme has 26 genes. In addition, F. 
virguliforme has no GH44 or GH67 that are deficient in most plant pathogens. The loss of GH44 
and GH67 may be complemented by GH74 and GH36, respectively, because both GH44 and GH 
74 encode xyloglucanases while GH67 and GH36 both encode α-galactosidases (Table 2.2). 
Another group of CAZy active on hemicellulose is the CE class. CE1 is the most dominant 
hemicellulose-degrading family in plant pathogens, and in the case of F. virguliforme, 32 genes 
were found. Other families such as CE2, CE3, CE4, CE5, and CE12, were all identified in the 
genome of F. virguliforme as reported in other plant pathogens (Blackman et al. 2014; Zerillo et 
al. 2013; Zhao et al. 2013). 
 
Identification of pectin-degrading enzymes in the genome of F. virguliforme 
Pectin, a polymer of mainly D-galacturonic acids, is the most divergent part of plant cell walls 
because of the different modifications on the side chains. Based on these modifications, pectin is 
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categorized into subgroups like homogalacturonan and rhamnogalacturonan. Pectin forms a 
matrix between microfibrils to control the porosity and cohesion (Caffal and Mohnen 2009; 
Glass et al. 2013; Lagaert et al. 2009; van den Brink et al. 2011; Willats et al. 2011). Besides the 
universal plant cell wall degrading families (GH1, GH3, and GH5) and the most well studied 
GH28 PGs, GH53 and GH78 are common in most hemibitrophic and necrotrophic fungi as well 
as Phytophthora species while GH105 is more abundant in plant pathogenic fungi than 
oomycetes (Fig. 2.1C). Except for the lack in GH30 and GH54 that have been discussed in the 
hemicellulose section, F. virguliforme has all the GH families that catalyze pectin. Some CAZy 
in the CE class, such as CE8 and CE12, allow degradation of pectin by removing methyl and 
acetyl groups from galacturonic acids, respectively. Both families are common in all plant 
pathogens including F. virguliforme but not Pythium species (Zerillo et al. 2013). The PL class 
specializes in pectin degradation. PL1 and PL3 are the most dominant and common pectin lyases 
of plant pathogens. Similar to hemibitrophic and necrotrophic fungi and oomycetes, F. 
virguliforme has eleven PL1 and ten PL3 that are more abundant than bitrophic fungi (Blackman 
et al. 2014; Zerillo et al. 2013; Zhao et al. 2013). In addition, PL4, PL9, PL20, and PL22 families 
were identified in the F. virguliforme genome (Fig. 2.1C). While PL4 is commonly distributed in 
plant pathogens, PL9, PL20, and PL22 were found only in F. virguliforme and N. haematococca 
(Zhao et al. 2013).  
 
Evaluation of xylanases and PGs of F. virguliforme as PIPs targets 
GH11 xylanases and GH28 PGs have been successfully used as targets for transgenic plants 
expressing exogenous PIPs. However, GH11 xylanases and GH28 PGs of some Fusarium 
species can escape PIPs inhibition by amino acid substitution (Beliën et al. 2005; Raiola et al. 
2008). Two GH11 xylanases, XylA (FGSG_10999) and XylB (FGSG_03624) of F. 
graminearum, have amino acid substitutions at the thumb region that allowed them to escape 
XIP-I binding (Fig. 2.2A) (Beliën et al. 2007). On the other hand, site-directed mutagenesis of 
lysine to glutamine of position 97 increased affinity of F. verticillioides PG to PvPGIP2 (Raiola 
et al. 2008); more importantly, a single substitution at the 261 position of F. phyllophilum PG 
(FpPG) from alanine to threonine reduced FpPG affinity to PvPGIP2 (Benedetti et al. 2013). 
Amino acid substitutions in these studies supported the response of PGIPS to PGs from different 
Fusarium species to respond to PGIPs at different levels (Benedetti et al. 2013; Sella et al. 2004). 
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Two orthologous GH11 xylanases (FvXyn11A and FvXyn11B) and two orthologous PGs 
(FvPG1 and FvPG2) were identified for F. virguliforme (Table 2.3). Sequence analysis revealed 
that neither FvXyn11A nor FvXyn11B carry amino acid substitutions at the thumb region 
corresponding to XylA or XylB of F. graminearum (Fig. 2.2A). Protein-protein docking analysis 
was applied to further test the interaction between XIP-I and FvXyn11A as well as FvXyn11B. 
The results supported XIP-I forming inhibiting conformations with FvXyn11A and FvXyn11B in 
the same orientation to Penicillium funiculosum XYNC (Fig. 2.2B) (Payan et al. 2004). In the 
case of FvPG1 and FvPG2, sequence alignment was uncertain at residue 97 because of the 
neighboring gaps (Fig. 2.3). However, because FvPG1 has an alanine at position 261 that is 
identical to Colletotrichum lupine PG (CluPG1) and Aspergillus niger PG (AnPGII), e 
speculated that the affinity strength of FvPG1 to PvPGIP2 would be similar to CluPG1 and 
AnPG II (Federici et al. 2006, Benedetti et al. 2013). Moreover, because the replacement of the 
nonpolar and small alanine to the polar and small threonine dramatically reduced FpPG affinity 
to PvPGIP2 (Benedetti et al. 2013), we speculated FvPG2 would be less inhibited by PvPGIP2 
since the corresponding position of FvPG2 is a larger, polar and positively charged lysine.  
 
FvXyn11A, FvXyn11B, FvPG1, and FvPG2 contained putative secretory peptides without 
trans-membrane domains. Moreover, their expressions were detectable during infection. Using 
an in vitro RNA-Seq dataset (Chang et al. 2016), we noticed FvXyn11B and FvPG2 were less 
active compared to FvXyn11A and FvPG1 in the in vitro condition (Fig. 2.4A). However, the 
expression of FvXyn11B and FvPG2 were significantly enhanced during root infection (Fig. 
2.4B). It has been reported that PCWDEs of some Fusarium species displayed different 
expression patterns in different conditions. For example, two PGs of F. oxysporum, pg1 and 
pgx6, expressed actively during root infection, and the double knockout mutants of pg1 and pgx6 
compromised virulence (Ruiz et al. 2015). In addition, differential expression of GH11 xylanases 
was also reported that XylB had higher expression than XylA at 5 day-post-inoculation (Sella et 
al. 2013). 
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CONCLUSION 
 
In this study, we advanced the understanding of CAZy and PCWDEs in the genome of F. 
virguliforme and in silico analysis supported the possibility of developing transgenic soybeans 
with exogenous PIPs to enhance SDS resistance. As a soybean pathogen, F. virguliforme may 
have undergone selection pressure to PGIPs produced by soybean. Our analysis revealed a 
putative PvPGIP2-escaping FvPG2 had higher expression during root infection than in the in 
vitro condition. This indicated that the use of transgenic PVPGIP2 might not be a preferable 
option. Instead, F. virguliforme should rarely encounter XIP-I because xylanase inhibitor 
proteins are more dominant in graminaceous plants such as wheat. Xylanases play important 
roles in fungal virulence. The endo-β-1,4-xylanase Xyn11A was shown to required for virulence 
in Botrytis cinerea (Brito et al. 2006) and xylanases knock-down mutants of Magnaporthe 
oryzae also caused less lesions compared to wild type M. oryzae (Nguyen et al. 2011). Our 
results revealed FvXyn11A and FvXyn11B lack amino acid substitutions that would avoid XIP-I 
inhibition. Because XIP-I has been reported to inhibit both GH10 and GH11 xylanases (Beliën et 
al. 2007; Misas-Villamil et al. 2008; Payan et al. 2004), we consider XIP-I a better candidate 
since multiple targets of XIP-I may extend the persistence of the transgenic soybeans. In addition 
to inhibition of GH11 xylanase, XIP-I was reported to reduce cell death induced by necrosis-
inducing xylanases, such as XylA and XylB of F. graminearum (Tundoa et al. 2015), and an 
orthologous XIP-I from coffee has been shown to inhibit the germination of soybean rust 
urediniospores (Vasconcelos et al. 2011). Developing a transgenic soybean that expresses 
exogenous XIP-I might not only reduce soybean rust infection but also enhance resistance 
against SDS. 
 
MATERIALS AND METHODS 
 
Identification of CAZy in the F. virguliforme genome 
The Fusarium virguliforme genome sequence (accession AEYB01000000) was downloaded 
from NCBI and is available at http://fvgbrowse.agron.iastate.edu (Srivastava et al. 2014). 
Augustus was used to predict putative proteins in the genome and transcriptome with F. 
graminearum as a model organism using default parameters except for the minexonintronprob (= 
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0.1) and minmeanexonintronprob (= 0.4) (Keller et al. 2011). CAZy domains were identified in 
genomes with dbCAN and a cutoff of E value of 10-3 (Yin et al. 2012). When a gene contained a 
CBM with other CAZy classes, the gene was classified in the later classes. When redundancies 
were detected, classification was determined based on the lowest E value (Table S1). Protein 
annotation was based on the CAZy database (Cantarel et al. 2009; Lombard et al. 2013). The 
genomic CAZy structure of F. virguliforme was compared to other plant pathogenic fungi and 
oomycetes (Blackman et al. 2014; Zerillo et al. 2013; Zhao et al. 2013). 
 
In silico analyses of GH11 xylanases and GH28 PGs of F. virguliforme  
Sequences of P. funiculosum GH11 xylanase XYNC [5] and F. phyllophilum GH28 FpPG 
(Benedetti et al. 2013) were used as queries to identify orthologous genes in F. virguliforme. 
Putative orthologous GH11 xylanases and GH28 PGs were determined at E value 10-50. 
MUSCLE in MEGA6 was used for protein sequence alignment (Tamura et al. 2013). SignalP 4.1 
was used to detect secretory signal peptide (Petersen et al. 2011). SWISS-MODEL and QMEAN 
(Arnold et al. 2006; Benkert et al. 2011; Biasini et al. 2014; Guex et al. 2009) were used to 
generate and evaluate a homology model for FvXyn11A (QMEAN6: 0.675) and FvXyn11B 
(QMEAN6: 0.708) based on Chaetomium thermophilum GH11 xylanase model 1h1a (Hakulinen 
et al. 2003). The protein-protein docking was performed by ZDOCK (Moreira et al. 2010; Pierce 
et al. 2011). The residue, E85 of P. funiculosum XYNC, E114 of FvXyn11A, and E98 of 
FvXyn11B, was set as indispensable interacting residuals with R179 of XIP-I and the modeling 
result was compare to interaction model 1te1 (Payan et al. 2004). 
 
Expression analysis of GH11 xylanases and GH28 PGs in vitro and in planta 
In vitro RNA-Seq transcriptome was downloaded from DDBJ/EMBL/GenBank accession 
GBJV00000000 and analyzed as previously described (Chang et al. 2016). HTSeq (version 
0.6.1) were applied to quantify mapped reads for each transcript (Anders et al. 2010). Transcripts 
with less than 60 reads across six libraries were filtered out in R (version 3.0.1) (Anders et al. 
2010). A false discovery rate of 0.05 was used as significant cutoff in edgeR analysis (version 
3.6.4) (MacDonald 2008; Robinson et al. 2010; Smyth  et al. 2005; Yendrek et al. 2012). 
Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) was used to measure 
gene expression during root infection. Soybean seeds were germinated for 5 days at 25°C. Each 
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radicle was inoculated with 15 µl of 1× 106 macroconidia per ml of F. virguliforme, and then 
incubated without light at 25°C for 5 days before extracting total RNA by using TRIzol. Random 
primers were used to synthesize cDNA. Amplification efficiency of primers for qRT-PCR was 
determined based on four replicates and each replicate contained three concentration gradients 
(Table 2.3). Platinum® SYBR® Green qPCR SuperMix-UDG kit (Life Technologies) and 
Agilent Mx3005P qPCR System (Agilent Technologies) were used for qRT-PCR experiments. –
ΔΔCt method was used to evaluate the expression of each gene (Schmittgen et al. 2008) and 
gene expression was normalized to the translation elongation factor 1A of F. virguliforme 
(FvEF1A) (Chang et al. 2016; Kim et al. 2011). In planta gene expression analysis was repeated 
three times with three biological replicates for each. Statistics were conducted in R. Box-Cox 
power transformation was applied on raw data to fulfill the normal distribution of residuals. 
ANOVA and TukeyHSD were used to determine significance at p < 0.05. 
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TABLES 
 
Table 2.1. Plant cell wall degrading enzymes (CE, GH and PL classes) of Fusarium virguliforme 
CAZy 
family 
 
Substrate 
 
Annotation 
EC 
number 
Copy 
number 
CE1 hemicellulose (xylan) acetyl xylan esterase 
feruloyl esterase 
3.1.1.72 
3.1.1.73 
34 
CE2 hemicellulose (xylan) acetyl xylan esterase 3.1.1.72 1 
CE3 hemicellulose (xylan) acetyl xylan esterase 3.1.1.72 5 
CE4 hemicellulose (xylan) acetyl xylan esterase 3.1.1.72 7 
CE5 hemicellulose (xylan) 
cutin 
acetyl xylan esterase 
cutinase 
3.1.1.72 
3.1.1.74 
7 
CE8 pectin (homogalacturonan) pectin methylesterase 3.1.1.11 2 
CE9 polysaccharides N-acetylglucosamine 6-phosphate  
deacetylase 
3.5.1.25 
3.5.1.80 
1 
CE12 hemicellulose 
pectin (homogalacturonan, 
rhamnogalacturonan I) 
acetyl pectin esterase 
pectin acetylesterase 
3.1.1.72 
3.1.1.- 
3 
CE14 polysaccharides N-acetylglucosaminylphosphatidy- 
     linositol deacetylase 
3.5.1.89 1 
CE16 polysaccharides  acetylesterase 3.1.1.6 5 
GH1 cellulose 
hemicellulose (xylan, xyloglucan) 
pectin (rhamnogalacturonan I) 
β-glucosidase 
β-xylosidase  
β-galactosidase 
3.2.1.21 
3.2.1.37 
3.2.1.23 
5 
GH2 hemicellulose (xylan, xyloglucan, 
galactomannan) 
pectin (rhamnogalacturonan I) 
β-mannosidase 
 
β-glucuronidase 
3.2.1.25 
3.2.1.31 
8 
GH3 cellulose 
hemicellulose 
(xylan, xyloglucan) 
pectin 
β-glucosidase 
β-xylosidase  
 
exo-β-1,4-glucanase 
3.2.1.21 
3.2.1.37 
3.2.1.74 
22 
GH5 cellulose 
hemicellulose (galactomannan) 
pectin (rhamnogalacturonan I) 
endo-β-1,4-glucanase 
endo-β-1,4-xylanase 
exo-β-1,4-glucanase 
3.2.1.4 
3.2.1.8 
3.2.1.74 
15 
GH6 cellulose endo-β-1,4-glucanase 
cellobiohydrolase 
3.2.1.4 
3.2.1.91 
1 
GH7 cellulose 
 
endo-β-1,4-glucanase 
cellobiohydrolase 
3.2.1.4 
3.2.1.176 
3 
GH10 hemicellulose (xylan) endo-β-1,4-xylanase 3.2.1.8 3 
GH11 hemicellulose (xylan) endo-β-1,4-xylanase 3.2.1.8 3 
GH12 cellulose 
hemicellulose (xyloglucan) 
endo-β-1,4-glucanase 
xyloglucanase 
3.2.1.4 
3.2.1.151 
6 
GH13 polysaccharides α-amylase 3.2.1.1 7 
GH15 polysaccharides glucoamylase 3.2.1.3 3 
GH16 hemicellulose xyloglucanase 3.2.1.151 19 
GH17 polysaccharides endo-1,3-β-glucosidase 3.2.1.39 5 
GH18 polysaccharides chitinase 
endo-β-N-acetylglucosaminidase 
3.2.1.14 
3.2.1.96 
22 
GH20 polysaccharides β-hexosaminidase 3.2.1.52 1 
GH23 polysaccharides chitinase 
lysozyme type G 
3.2.1.14 
3.2.1.17 
2 
GH24 polysaccharides lysozyme 3.2.1.17 2 
GH27 hemicellulose (xylan, xyloglucan, 
galactomannan) 
α-galactosidase 
α-N-acetylgalactosaminidase 
3.2.1.22 
3.2.1.49 
1 
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GH28 pectin (homogalacturonan, 
rhamnogalacturonan I) 
polygalacturonase 3.2.1.15 8 
GH31 hemicellulose (xyloglucan) α-xylosidase 3.2.1.177 9 
GH32 sucrose invertase 3.2.1.26 4 
GH33 oligosaccharides exo-α-sialidase 3.2.1.18 1 
GH35 hemicellulose (xylan, xyloglucan, 
galactomannan) 
pectin (rhamnogalacturonan I) 
β-galactosidase 
 
exo-β-1,4-galactanase 
3.2.1.23 
3.2.1.- 
4 
GH36 hemicellulose (xylan, xyloglucan, 
galactomannan) 
α-galactosidase 
α-N-acetylgalactosaminidase 
3.2.1.22 
3.2.1.49 
2 
GH37 trehalose α,α-trehalase 3.2.1.28 2 
GH38 oligosaccharides α-mannosidase 3.2.1.24 1 
GH43 hemicellulose (xylan) 
pectin (rhamnogalacturonan I) 
β-xylosidase 
α-L-arabinofuranosidase 
3.2.1.37 
3.2.1.55 
26 
GH45 cellulose endo-β-1,4-glucanase 3.2.1.4 2 
GH47 oligosaccharides α-mannosidase 3.2.1.113 10 
GH51 cellulose 
hemicellulose (xylan ,xyloglucan) 
endo-β-1,4-glucanase 
β-xylosidase 
3.2.1.4 
3.2.1.37 
2 
GH53 pectin (rhamnogalacturonan I) endo-β-1,4-galactanase 3.2.1.89 1 
GH55 polysaccharides endo-1,3-β-glucosidase 3.2.1.39 6 
GH63 oligosaccharides α-glucosidase 3.2.1.106 1 
GH64 polysaccharides endo-1,3-β-glucosidase 3.2.1.39 2 
GH71 polysaccharides α-1,3-glucanase 3.2.1.59 3 
GH72 polysaccharides β-1,3-glucanosyltransglycosylase 2.4.1.- 3 
GH74 cellulose 
hemicellulose (xyloglucan) 
endo-β-1,4-glucanase 
xyloglucanase 
3.2.1.4 
3.2.1.151 
2 
GH75 polysaccharides chitosanase 3.2.1.132 2 
GH76 oligosaccharides α-1,6-mannanase 3.2.1.101 8 
GH78 pectin α-L-rhamnosidase 3.2.1.40 6 
GH79 pectin (rhamnogalacturonan I) β-glucuronidase 3.2.1.31 1 
GH81 polysaccharides endo-1,3-β-glucosidase 3.2.1.39 1 
GH88 polysaccharides β-glucuronyl hydrolase 3.2.1.- 4 
GH93 pectin (rhamnogalacturonan I) exo-α-L-1,5-arabinanase 3.2.1.- 3 
GH95 hemicellulose (xyloglucan) α-1,2-L-fucosidase 3.2.1.63 2 
GH99 oligosaccharides endo-α-1,2-mannosidase 3.2.1.130 1 
GH105 pectin rhamnogalacturonyl hydrolase 3.2.1.172 4 
GH109 polysaccharides α-N-acetylgalactosaminidase 3.2.1.49 26 
GH114 polysaccharides endo-α-1,4-polygalactosaminidase 3.2.1.109 4 
GH115 hemicellulose (xylan) xylan α-1,2-glucuronidase 3.2.1.131 1 
GH125 oligosaccharides exo-α-1,6-mannosidase 3.2.1.- 3 
GH127 oligosaccharides β-L-arabinofuranosidase 3.2.1.185 4 
GH128 polysaccharides endo-1,3-β-glucosidase 3.2.1.39 2 
GH131 cellulose 
hemicellulose 
exo-β-1,3/1,4/1,6-glucanase 3.2.1.- 1 
GH132 polysaccharides activity on β-1,3-glucan – 2 
PL1 pectin (homogalacturonan) pectate lyase 4.2.2.2 11 
PL3 pectin pectate lyase 4.2.2.2 10 
PL4 pectin (rhamnogalacturonan I) rhamnogalacturonan lyase 4.2.2.- 4 
PL9 pectin pectate lyase 
exopolygalacturonate lyase 
4.2.2.2 
4.2.2.9 
1 
PL20 pectin endo-β-1,4-glucuronan lyase 4.2.2.14 1 
PL22 pectin oligogalacturonate lyase 4.2.2.6 1 
 
 
Table 2.1 (Cont.) 
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Table 2.2. AA, CBM and GT classes of Fusarium virguliforme 
CAZy 
family 
Annotation Copy 
number 
AA1 multicopper oxidases 4 
AA2 lignin peroxidase 4 
AA3 glucose-methanol-choline (GMC) oxidoreductases 25 
AA4 vanillyl-alcohol oxidase 5 
AA5 radical-copper oxidases 2 
AA6 1,4-benzoquinone reductases 2 
AA7 glucooligosaccharide oxidase 40 
AA8 iron reductase 2 
AA9 copper-dependent lytic polysaccharide monooxygenases 12 
CBM1 cellulose-binding  2 
CBM4 cellulose-binding  1 
CBM6 cellulose-binding  1 
CBM13 cellulose-binding  2 
CBM18 chitin-binding  2 
CBM19 chitin-binding  2 
CBM20 starch-binding  1 
CBM21 starch-binding  2 
CBM22 xylan-binding  4 
CBM35 xylan-binding  1 
CBM50 peptidoglycan-binding (LysM domain) 5 
CBM61 β-1,4-galactan-binding  4 
CBM63 cellulose-binding  2 
CBM67 L-rhamnose-binding  3 
GT1 UDP-glucuronosyl-transferase 15 
GT2 cellulose/chitin synthase 18 
GT3 glycogen synthase 1 
GT4 sucrose synthase 6 
GT8 lipopolysaccharide glucosyl-transferase 8 
GT15 α-1,2-mannosyl-transferase 5 
GT17 β-1,4-N-acetyl-glucosaminyl-transferase 1 
GT20 α,α-trehalose-phosphate synthase 3 
GT21 ceramide β-glucosyl-transferase 3 
GT22 Man6GlcNAc2-PP-Dol α-1,2-mannosyl-transferase 4 
GT24 glycoprotein α-glucosyl-transferase 1 
GT26 β-N-acetyl-mannosaminuronyl-transferase 2 
GT28 digalactosyl-diacyl-glycerol- synthase 1 
GT31 fucose-specific β-1,3-N-acetylglucosaminyl-transferase 2 
GT32 α-1,6-mannosyl-transferase 7 
GT33 chitobiosyl-diphosphodolichol β-mannosyl-transferase 1 
GT34 α-1,2-galactosyl-transferase 3 
GT35 starch phosphorylase 1 
GT39 protein α-mannosylt-ransferase 3 
GT48 1,3-β-glucan synthase 2 
GT50 α-1,4-mannosyl-transferase 2 
GT54 α-1,3-D-mannoside β-1,4-N-acetyl-glucosaminyl-transferase 1 
GT57 α-1,3-glucosyl-transferase 2 
GT58 Man5GlcNAc2-PP-Dol α-1,3-mannosyl-transferase 1 
GT59 Glc2Man9GlcNAc2-PP-Dol α-1,2-glucosyl-transferase 1 
GT62 α-1,2-mannosyl-transferase 3 
GT64 heparan α-N-acetyl-hexosaminyl-transferase 2 
GT66 dolichyl-diphospho-oligosaccharide-protein glycotransferase 1 
GT69 α-1,3-mannosyl-transferase 5 
GT71 α-mannosyl-transferase 3 
GT76 α-1,6-mannosyl-transferase 1 
GT77 α-xylosyltransferase 1 
GT90 glucuronoxylomannan/galactoxylomannan β-1,2-xylosyl-
transferase 
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Table 2.3. Orthologous GH11 xylanases and GH28 polygalacturonases of Fusarium virguliforme  
Gene Namew Gene IDw E valuew qRT-PCR Primer Sequencew Ampliconw Tm (°C)* w AE#w R2w 
GH11 xylanase 
FvXyn11A g5088 1.0×10-77 F- CTGTCATCACTACCCGAAGAC 
R- CTGGGCTCGTTTGACTACAT 
104 bp 61.4 
61.7 
0.648 0.99 
FvXyn11B g7311 6.0×10-73 F- TCAACGCCTGGAAGAATGTC 
R- ACAGTCATGGTGGCAGAAC 
100 bp 62.2 
61.9 
0.702 1.00 
GH28 polygalacturonase 
FvPG1 g9942 5.0×10-58 F- AAACGGCGGCAAGAAGAA 
R- GACGGGCGTGTTCTTGATATAG 
91 bp 62.3 
62.3 
0.802 0.98 
FvPG2 g13315 1.0×10-68 F- CCACTCTCTCAAGAACTCCAAC 
R- CGAGATGAACATCGTAGACACC 
110 bp 61.9 
61.9 
0.888 0.97 
Reference gene 
FvEF1A G4748 0.0 F- GGGTAAGGAGGAGAAGACTCA 
R- CACCGCACTGGTAGATCAAG 
98 bp 62.0 
62.0 
0.748 1.00 
wE value for F. virguliforme gene to query: P.funiculosum GH11 xylanase XYNC (Q9HFH0), F. phyllophilum FpPG (AAA74586.1), and F. 
graminearum EF1A (FGSG_08811.3) by BLASTN   
*Tm of each primer was calculated by IDT Oligo Analyzer 3.1 with settings: 50 mM Na+, 3mM Mg2+, 1mM dNTP, and 200nM oligo 
#Amplification efficiency  
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FIGURES 
 
 
 
Fig. 2.1. Comparison analysis for PCWDEs of F. virguliforme that target on different 
polysaccharides. Blue color indicates carbohydrate esterases (CE); red color indicates glycoside 
hydrolases (GH); and green color indicates polysaccharide lyases (PL). a CAZy with cellulase 
activity. GH1, GH3, and GH5 are universal PCWDEs that catalyze celluloses, hemicelluloses, 
and pectin. GH30 is common distributed in plant pathogenic fungi and abundant in oomycetes, 
but it was not found in the genome of F. virguliforme. Instead, GH131 was found only in the 
genome of F. virguliforme. b CAZy with hemicellulase activity. GH29, GH30, GH44, GH54, 
GH62, and GH67 are absent in the genome of F. virguliforme, but other functional redundant 
CAZy may complement the loss of these families. c CAZy with pectinase activity. F. 
virguliforme have most pectinases and unique PL9, PL20, and PL22 that only existed in F. 
virguliforme and close-related species N. haematococca. In general, the genomic PCWDEs 
structure of F. virguliforme is similar to necrotrophic and hemibiotrophic pathogenic fungi. 
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Fig. 2.2. In silico analysis of GH11 xylanases of F. virguliforme. a F. graminearum contains 
amino acid substitutions that allow GH11 xylanases to escape XIP-I inhibition, including a 
substitution of  threonine (T) to valine (V) for XylA; and substitutions of asparagine (N) to 
cysteine (C), an insert of aspartic acid (D), and a substitution of T to C for XylB (yellow blocks). 
However, FvXyn11A and FvXyn11B are conserved in this region. The red block circles a string 
of 30 amino acids reported to induce necrosis (Noda et al. 2010). The purple block and blue 
block indicate previously reported conserved residues. The name of necrosis-inducing xylanases 
were bold (Noda et al. 2010; Rotblat et al. 2002; Tundoa et al. 2015). b Salmon color represents 
XIP-I. Golden color represents conserved thumb region of each xylanase. Control model of XIP-
I inhibits P. funiculosum GH11 xylanase XYNC. XIP-I perfectly fills into the catalyzing groove 
between two essential catalyzing residues E85 and E176 that mimics substrates of XYNC. c The 
interaction between FvXyn11A and XIP-I, where the corresponding residues E114 and E205 
were shown. d The interaction between FvXyn11B and XIP-I, where the corresponding residues 
E98 and E189 were shown. 
XYNC-XIP-I FvXyn11A-XIP-I FvXyn11B-XIP-I B 
A 
B. cinerea  Xyn11A  AAZ03776 
F. graminearum  XylA  FGSG_10999 
F. graminearum  XylB  FGSG_03624 
F. virguliforme  FvXyn11A  g5088 
F. virguliforme  FvXyn11B  g7311 
T. viride  EIX  CAB60757 
T. reesei  AAB50278 
T. harzianum  P48793 
P. funiculosum  XYNC  Q9HFH0 
A. niger  P55329 
C D 
	 52	
 
 
Fig. 2.3. Sequence alignment of GH28 polygalacturonase of F. virguliforme with other 
fungi.  The green blocks circle polymorphic residues (Sella et al. 2004); the purple blocks 
indicate essential residues for binding substrates (Federici et al. 2001); the orange blocks circle 
indispensible residues for catalyzing substrates (van Santen et al. 1999); and the red blocks circle 
residues (position 97 in top panel and 261 in bottom panel) that were reported to affect PvPGIP2 
inhibition (Benedetti et al. 2013; Raiola et al. 2008).  
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Fig. 2.4. Expression comparison of FvXyn11B and FvPG2 in vitro and in planta. RNA of 
both conditions was extracted after 5 days post inoculation, from soybean dextrose broth and 
from soybean roots, respectively. a In vitro expression was indicated by counts per million (cpm) 
from a RNA-Seq data [35]. Asterisk indicated genes with raw counts below 1 cpm. b In planta 
expression indicated by log10(–ΔΔCt). Unlike in vitro condition, the expression of FvXyn11B 
increased and was significantly higher the FvXyn11A. The expression of FvPG2 was also 
increased to a level similar to FvPG1.  
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CHAPTER 3. GENOME-WIDE ASSOCIATION AND GENOMIC PREDICTION 
IDENTIFIES ASSOCIATED LOCI AND PREDICTS THE SENSITIVITY OF TOBACCO 
RINGSPOT VIRUS IN SOYBEAN PLANT INTRODUCTIONS1 
 
ABSTRACT 
 
Genome-wide association study (GWAS) is a useful tool for detecting and characterizing traits 
of interest including those associated with disease resistance in soybean. The availability of 
50,000 single nucleotide polymorphism (SNP) markers (SoySNP50K) on 19,652 soybean and 
wild soybean plant introductions (PIs) in the USDA Soybean Germplasm Collection allows for 
fast and robust identification of loci associated with a desired phenotype. By using a genome-
wide marker set to predict phenotypic values, genomic prediction for phenotype-unknown but 
genotype-determined PIs has become possible. The goal of this study was to describe the genetic 
architecture associated with sensitivity to Tobacco ringspot virus (TRSV) infection in the USDA 
Soybean Germplasm Collection. TRSV-induced disease sensitivities of the 697 soybean PIs were 
rated on a one to five scale with plants rated as one exhibiting mild symptoms and plants rated as 
five displaying terminal bud necrosis (i.e., bud blight). The GWAS identified a single locus on 
soybean chromosome 2 strongly associated with TRSV sensitivity. Two leucine-rich repeat 
receptor-like kinase genes were found under the locusthat may control sensitivity of soybean to 
TRSV infection. Cross-validation showed a correlation of 0.55 (P < 0.01) to TRSV sensitivity 
without including the most significant SNP marker from the GWAS as a covariate, which was a 
better estimation compared to the mean separation by using significant SNPs. The genomic 
estimated breeding values for the remaining 18,955 unscreened soybean PIs in the USDA 
Soybean Germplasm Collection were obtained using the GAPIT R package. To evaluate the 
prediction accuracy, an additional 55 soybean accessions were evaluated for sensitivity to TRSV, 
which resulted in a correlation of 0.67 (P < 0.01).  
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
1This chapter was published on BMC Genomics (ISSN: 1471-2164) and reprinted from Chang, 
H.-X., Brown, P.J., Lipka, A.E., Domier, L.L., and Hartman, G.L. 2016. Genome-wide 
association and genomic prediction identifies associated loci and predicts sensitivity of Tobacco 
ringspot virus in soybean plant introductions. BMC Genomics 17:153. doi: 
dx.doi.org/10.1186/s12864-016-2487-7. 
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INTRODUCTION 
 
Tobacco ringspot virus (TRSV), a single-stranded bipartite RNA virus, is one of the most 
destructive viral pathogens of soybean (Glycine max (L.) Merr.) (Hartman et al. 2015). Soybean 
plants infected with TRSV are generally stunted, leaflets may be dwarfed and rolled, buds may 
become brown, necrotic and brittle, and terminal buds may form a crook and die. Plants infected 
at early developmental stages often produce undeveloped flowers that impact fertilization 
resulting in aborted pods and yield losses ranging from 25 to 100 % (Crittenden et al. 1966; 
Hartman et al. 2015). TRSV is transmitted through infected seeds or by vectors, including the 
dagger nematode (Xiphinema americanum Cobb), grasshoppers (Melanoplus differentialis 
Thomas), thrips (Thrips tabaci Lindeman) and tobacco flea beetles (Epitrix hirtipennis 
Melsheimer) (Hartman et al. 2015). Transmission by seed and nematodes may be the most 
common pathways of infection (Bergeson et al. 1964). TRSV has a broad host range that 
includes many plant genera, and has been reported on soybean in most soybean producing states 
in the USA and in Australia, Canada, the People’s Republic of China, and Russia (Hartman et al. 
2015).  
 
There are few options for managing TRSV outbreaks. Resistance to TRSV has not been 
described for commercial soybean cultivars, and may not be available based on the absence of 
TRSV resistance in a set of 52 lines that are the ancestors to most North American public 
cultivars (Wang et al. 2005). In another study, TRSV resistance was reported in wild soybean 
(Glycine soja Siebold & Zucc.) as three out of 630 plant introductions (PIs) displayed only mild 
symptoms when infected by TRSV (Orellana et al. 1981). No further studies have been 
conducted to determine the inheritance of the potential sources of resistance in G. soja. However, 
one study crossed the soybean cultivar Young and PI416937 and identified a major quantitative 
trait locus (QTL) that explained 82 % of the phenotypic variation of TRSV resistance. This QTL 
was located on chromo- some 13 between 25 Mb to 28 Mb between markers K644_1 and 
Satt510 based on Williams82 assembly version 1 (Gmax1.01) (Fasoula et al. 2003). In addition, 
when Arabidopsis thaliana (L.) Heynh. was inoculated with TRSV, most ecotypes were tolerant 
to TRSV, but some ecotypes, such as Estland, displayed lethal systemic necrosis (Lee et al. 
1996), which resembled bud blight of soybean. An allele of TTR1 (Tolerance to Tobacco 
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ringspot virus 1), which encodes a protein with Toll/interleukin-1 receptor, nucleotide-binding 
site and leucine-rich repeat (TIR-NB-LRR) domains was reported to control tolerance to TRSV 
in A. thaliana (Nam et al. 2011). Comparison of protein sequence alignments between tolerant 
and sensitive A. thaliana ecotypes identified different amino acid residues in the LRR region 
between sensitive TTR1 and tolerant ttr1 alleles. When the TRSV-tolerant A. thaliana ecotype 
Col-0 was transformed with the TTR1 allele from the sensitive Estland ecotype, the resulting 
plants were sensitive to TRSV infection. In contrast, when Col-0 was transformed with TTR1 
that contained single amino acid substitutions at different locations, only L956S and K1124Q 
escaped the necrosis symptoms, suggesting that the leucine (L956) and lysine (K1124) residues 
in the TTR1 gene were needed for TRSV sensitivity and for displaying lethal systemic necrosis 
(Nam et al. 2011).  
 
The genome-wide association study (GWAS) is a statistical analysis that associates variation 
across the entire genome with phenotypes (Brachi et al. 2011; Korte and Farlow 2013). In the 
case of soybean, GWASs have been used to identify loci associated with agronomic traits 
(Hwang et al. 2014), abiotic stress (Mamidi et al. 2014), and disease resistance including 
Phytophthora root rot (Phytophthora sojae Kaufman & Gerdman) (Sun et al. 2014), Sclerotinia 
stem rot (Sclerotinia sclerotiorum (Lib.) de Bary) (Bastien et al. 2014; Iquira et al. 2015; Zhao et 
al . 2015), soybean cyst nematode (Heterodera glycines Ichinohe) (Bao et al. 2014; Han et al. 
2015; Vuong et al. 2015), and sudden death syndrome (Fusarium virguliforme Akoi, O’Donnell, 
Homma &. Lattanzi) (Wen et al. 2014). With the availability of SoySNP50K single nucleotide 
polymorphism (SNP) markers (Song et al. 2013), genomic information for over 19,000 
accessions in the USDA Soybean Germplasm Collection can be utilized to identify genes 
underlying many traits, including resistance or tolerance to TRSV.  
 
The goal of this study was to identify regions of the soybean genome associated with 
sensitivity to TRSV infection based on a subset of the PIs in the USDA Soybean Germplasm 
Collection. For these analyses, 697 soybean PIs were phenotyped TRSV sensitivity and GWAS 
was performed, which identified a single locus associated with sensitivity to TRSV infection. 
Moreover, we applied genomic prediction to estimate TRSV sensitivities for the unscreened 
18,955 soybean PIs in the USDA Soybean Germplasm Collection, and evaluated the accuracy of 
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genomic prediction. To our knowledge, this work constitutes the first GWAS and genomic 
prediction study for TRSV sensitivity in soybean.  
 
RESULTS 
 
Sensitivity of soybean PIs to TRSV infection  
All 697 soybean PIs evaluated were susceptible to TRSV and showed symptoms. At ten days 
post inoculation, most soybean plants infected with TRSV were stunted and displayed a range of 
foliar symptoms (Fig. 3.1a). Plants were separated into sensitivity categories of one to five based 
on the severity of their symptoms. Plants that displayed terminal necrosis on the first or second 
trifoliates were classified as a sensitivity of five or four, respectively (Fig. 3.1b, c). Plants 
classified as sensitivity three had necrotic spots in the first or second trifoliate that generally 
started at the leaf margin or had terminal necrosis of third trifoliates (Fig. 3.1d). Plants with 
mosaic foliar symptoms on first trifoliates were categorized as sensitivity two (Fig. 3.1e) Plants 
with sensitivities of one were slightly stunted with mild chlorosis (Fig. 3.1f). More than 50 % of 
the PIs were classified as sensitivity four or five, and only 67 PIs were classified as sensitivity 
one (Fig. 3.1g).  
 
GWAS to identify QTL associated with sensitivity to TRSV  
The Bayesian information criterion (BIC)-based model selection procedure (Lipka et al. 2013) 
indicated that no principal components (PCs) were required to control for population structure in 
the GWAS model (Table 3.1). This result underscored our findings that the principal component 
analysis did not detect distinct subpopulations among the selected 697 soybean PIs (Fig. 3.2a). 
Therefore, no PC was included, but a heatmap of the kinship matrix with genetic relatedness 
among the 697 soybean PIs (Fig. 3.2b) was included in the mixed linear model for GWAS. Since 
the observed and expected P-values differed substantially only for a few SNPs, the quantile-
quantile (QQ) plot supported the appropriateness of the GWAS model (Fig. 3.3a). The GWAS 
identified a single locus associated with TRSV sensitivity that exceeded the Bonferroni-corrected 
α = 0.05 threshold on chromosome 2 (Fig. 3.3b). Four SNPs in this region were significant at a 1 
% false discovery rate (FDR). Individually, these SNPs accounted for 3 to 4 % of the variance in 
the GWAS model. Although most of the significant SNPs were located within a genomic region 
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on chromosome 2, one SNP on chromosome 8 was significantly associated with TRSV 
sensitivity at 5 % FDR (Table 3.2). To confirm and detect other potential minor signals, the 
GWAS was reran with the most significant SNP on chromosome 2 (ss715581043) included as a 
covariate. The resulting QQ-plot showed that the observed P-values followed the expected P-
values (Fig. 3.3c), and no additional SNPs identified at 5 % FDR (Fig. 3.3d). The result indicated 
that fixation of ss715581043 as a covariate explained most of the genetic contribution to the 
overall phenotypic variation and suggested only one locus on chromosome 2 was responsible for 
TRSV sensitivity in soybean. The four SNPs displaying peak associations with TRSV sensitivity 
in the initial GWAS defined a genomic region of approximately 130 kb between 12,089,749 bp 
to 12,219,313 bp on chromosome 2 (Table 3.2). Within this region, there were two candidate 
genes (Glyma02g13460 and Glyma02g13470) that may be involved in plant defense responses. 
Both encode leucine-rich repeat receptor-like kinases (LRR-RLKs) (Table 3.3).  
 
Genomic prediction  
Because a single genomic region on chromosome 2 associated with TRSV sensitivity, the 
mean separation of TRSV sensitivity at each of the four most significantly associated SNPs were 
tested to determine if marker-assisted selection would aid in breeding for reduced sensitivity to 
TRSV infection. The results suggested strong overlaps in these distributions (Fig. 3.4a), and the 
correlation between genotypes of each SNP to the rated TRSV sensitivity resulted in low 
significant (P > 0.01) correlations (r = 0.15, r = 0.14, r = −0.14, r = −0.15 for the first, second, 
third, and fourth SNPs, respectively). We then tested if genomic selection would provide a better 
prediction and applied GAPIT and rrBLUP to perform cross-validation (Endelman 2012; Lipka 
et al. 2012). The results of the five-fold cross-validation without a covariate in the model resulted 
in significant correlations (r = 0.54) for both GAPIT and rrBLUP. When the most significant 
SNP, ss715581043, was fixed as a covariate in the model, the correlation coefficient was reduced 
for GAPIT (r = 0.48) but not rrBLUP (r = 0.54) (Fig. 3.4b). These results indicated that genomic 
prediction without including a covariate might provide a better estimate for the unscreened 
soybean accessions in the USDA Soybean Germplasm Collection. We subsequently con- ducted 
genomic prediction by splitting the unscreened 18,955 soybean PIs into 85 groups to increase 
computational speed and acquired an average BLUP for each of the 18,955 soybean PIs. The 
BLUPs of the unscreened soybean PIs was sigmoidal with continuous values while the BLUP of 
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the training subpopulations were centered around −2.5, −1.5, −0.5, 0.5, and 1.5 that 
corresponded to genomic estimated breeding values (GEBVs) of one to five, respectively (Fig. 
3.5a). The distribution of BLUPs and GEBVs for the 18,955 unscreened soybean PIs suggested 
none was close to PIs in the TRSV sensitivity one from the training population (Fig. 3.5a). We 
then phenotyped an additional 55 PIs selected from the predicted GEBV distribution for 
sensitivity to TRSV in order to evaluate the accuracy of genomic prediction (Fig. 3.5a). The 
GEBV showed that the TRSV sensitivities of the 55 PIs: 19 PIs with TRSV sensitivities of two 
(1.5 ≤ GEBV < 2.5), 15 PIs with TRSV sensitivities of three (2.5 ≤ GEBV < 3.5), 13 PIs with 
TRSV sensitivities of four (3.5 ≤ GEBV < 4.5), and 8 PIs with TRSV sensitivities of five 
(GEBV ≥ 4.5). The rated TRSV sensitivity was correlated (r = 0.67, P < 0.001) to GEBVs 
obtained from both GAPIT and rrBLUP (Fig. 3.5b). However, the accuracy of genomic 
prediction tended to be divergent in the lower ratings but more reliable toward the higher 
sensitivity ratings. That is, most plants with predicted sensitivity ratings of five and four had 
actual sensitivity ratings of five and four, but accessions with a predicted sensitivity rating of two 
had actual sensitivity ratings that ranged from one to four (Table 3.4).  
 
DISCUSSION 
 
In this study, 697 of the 19,652 soybean PIs in the USDA Soybean Germplasm Collection 
were evaluated for their responses to TRSV inoculation. Although no TRSV-immune accessions 
were observed, 43 % of the accessions did not display bud blight, the most severe symptom. A 
GWAS identified a single genomic region on chromosome 2 strongly associated with TRSV 
sensitivity using the unified mixed linear model (Yu et al. 2006) in the GAPIT package (Lipka et 
al. 2012), which identified a 130 kb chromosome 2 interval that contains Glyma02g13460 and 
Glyma02g13470, two candidate LRR-RLK genes.  
 
Genes of the LRR-RLK type are well known for their involvement in pathogen-associated 
molecular pattern (PAMP)-triggered immunity (PTI). Classical examples are the ligand-
dependent receptor Flagellin Sensing2 (FLS2) that recognizes bacterial flagellin and EF-TU 
Receptor (EFR) that recognizes EF-TU. After recognizing the extracellular PAMP, another RLK 
co-receptor (BRI1- Associated receptor Kinase1/Somatic Embryogenesis Receptor-like Kinase3) 
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forms a complex with FLS2 or EFR and activates downstream PTI defense responses (Zipfel et 
al. 2014). One of the LRR-RLK genes from A. thaliana, ERECTA, is particularly interesting for 
its involvement in developmental processes in multiple tissue types, including aerial organs, 
epidermal tissue, pedicels, and floral primordia, as well as its function in controlling resistance 
against the bacterial pathogen Ralstonia solanacearum (Smith) Yabuuchi (Godiard et al. 2003), 
fungal pathogen Plectosphaerella cucumerina (Lindf.) Arx and oomycete pathogen Pythium 
irregular Buisman (van Zanten et al. 2009). It has been proposed that ERECTA-dependent 
resistance against necrotrophic P. cucumerina is linked to regulation plant cell wall biosynthesis 
(Sánchez-Rodríguez et al. 2009).  
 
In addition to ERECTA that is associated with bacterial and fungal resistance, nuclear shuttle 
proteins (NSPs) from viruses in the Geminiviridae have been reported to interact with A. thaliana 
NSP-interacting kinase1 (NIK1), which also belongs to the LRR-RLK protein family (Santos et 
al. 2010). Unlike TRSV, viruses in the Geminiviridae have bipartite circular single-stranded 
DNA genomes (DNA-A and DNA-B). While DNA-A of Geminiviridae encode proteins 
involved in replication, transcription, and encapsidation, DNA-B encodes two proteins, NSP and 
a movement protein. The NSP inhibits the kinase activity of NIK1 by binding to the kinase 
active site and activation loop, which contains an essential threonine residue (T474). NIK1 
deletion mutants displayed enhanced susceptibility to viruses in the Geminiviridae (Fontes et al. 
2004), and ectopic expression of a nonphosphorylatable NIK1 in the NIK1 deletion mutant failed 
to rescue the enhanced virus susceptibility (Santos et al. 2009). Blocking of T474 eliminated its 
kinase activity and abolished the phosphorylation of a protein that moves from cytosol to the 
nucleus when phosphorylated, where it interacts with a nucleus-located transcription factor to 
down regulate translation processes that eventually suppress viral replication (Zorzatto et al. 
2015). Under the proposed mechanism, NIK1 serves as a target to NSP for suppressing host 
defense responses. The discoveries of how NIK1 is involved in controlling plant susceptibility to 
geminiviruses may underline how one or two soybean LRR-RLK genes in the chromosome 2 
region harboring peak genomic associations with TRSV sensitivity could control the disease 
responses to TRSV. If these two LRR-RLK genes are confirmed to play a biological role in 
regulating TRSV sensitivity, it may imply that these soybean LRR-RLK are virulence targets for 
TRSV that control sensitivity rather than resistance, if the mechanism of the interactions of 
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soybean LRR-RLK proteins with TRSV are similar to NIK1 with geminiviruses. Further studies 
focused on comparing the protein sequences of the two LRR-RLK genes from soybean PIs with 
different sensitivity levels to TRSV may reveal if any amino acid polymorphism indeed associate 
with these levels of sensitivity. In addition, characterization of the putative viral component(s) 
and the mechanism of interaction may improve our understanding on how soybean sensitivity to 
TRSV is controlled.  
 
Genomic prediction has become a powerful tool for rapidly predicting plant phenotypes based 
on genome-wide marker information. This approach has great potential to accelerate plant 
breeding cycles because it requires fewer generations of selection compared to phenotype-based 
breeding approaches (Lipka et al. 2015). A recent review on “next generation breeding” 
illustrated how next generation sequencing will be used to more quickly improve crop 
productivity (Barabaschia et al. 2016). Multiple genomic prediction models have been developed 
with similar accuracies (Heslot et al. 2012), and in our study, we applied the compressed BLUP 
approach in the GAPIT R package (Lipka et al. 2012) and the ridge regression BLUP in the 
rrBLUP R package (Endelman 2012). Al- though a single locus on chromosome 2 was identified 
for TRSV sensitivity, our results suggest that genomic prediction performs better than marker-
assisted selection. We showed that the prediction accuracy among the additional 55 soybean PIs 
was close to that obtained from the cross-validation study of the 697 PIs used for the GWAS. 
Moreover, we noticed the prediction was more accurate and conservative in identifying soybean 
accessions that displayed severe necrosis symptoms. There are several limitations of genomic 
prediction, and one of them is the possibility that the phenotype is a combination of genetic and 
environmental effects (Wray et al. 2013). It has been reported that soybean response to TRSV 
may differ by maturity stage (Pekarek et al. 2004). Accordingly, it is possible that there may be 
more soybean PIs in the USDA Soybean Germplasm Collection that have TRSV sensitivity of 
one but may have been misjudged by the genomic prediction. 
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CONCLUSION 
 
TRSV is a potential threat to the soybean industry with limited resistance to the virus 
identified. To understand if additional resistance exists in the USDA Soybean Germplasm 
Collection, we evaluated 697 soybean accessions for sensitivity to TRSV infection. By 
performing a GWAS using the publicly available SoySNP50K marker set, we identified a novel 
genomic region on chromo- some 2 containing two candidate LRR-RLK genes that may control 
sensitivity to TRSV. We also assessed the ability of the SoySNP50K markers to predict TRSV 
sensitivity for 18,955 soybean PIs in the USDA Soybean Germplasm Collection, and high 
prediction accuracies were obtained. Our study not only discovered a new locus for TRSV 
sensitivity but also demonstrated the potential of using GWAS and genomic prediction for 
genetic analysis with the use of the SoySNP50K resource. 
 
MATERIALS AND METHODS 
 
Phenotyping and genotyping soybean PIs  
Soybean accessions used in this study were obtained from the USDA Soybean Germplasm 
Collection (http:// www.ars-grin.gov/npgs/). Soybean plants were grown in a growth chamber at 
25 °C and inoculated with TRSV using carborundum as an abrasive at the unifoliate stage around 
10 days after sowing. Inoculated plants were kept in a moist chamber at 25 °C for about 16 h, 
and returned to a growth chamber set at 25 °C. Sensitivities were scored based on a sensitivity 
scale from one to five at 10 days after inoculation with one showing the least amount of 
symptoms and five showing the strongest symptoms including bud blight (Fig. 3.1a). A 
completely randomized design was used to test sensitivity of PIs with a minimum of three plants 
per trial. There were three trials completed over time using a different randomization for each 
trial. SoySNP50K was downloaded from SoyBase (http://www.soybase.org), and split into 20 
profiles based on chromosomes. For each profile (chromosome), missing SNPs were imputed by 
BEAGLE version 3.3.2 (Browning and Browning 2009). There were overall 42,449 SNPs 
available but SNPs with minor allele frequencies below 0.1 were excluded, leaving 30,697 SNPs 
for GWAS.  
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GWAS and genomic prediction  
Five PCs were used in a BIC-based model selection procedure that determined how many PCs 
were needed to control for population structure in the unified mixed linear model used for the 
GWAS. A kinship matrix was calculated by the VanRaden method using mean and average 
cluster algorithm (Lipka et al. 2012). GWAS was conducted in GAPIT using the unified mixed 
linear model including the kinship matrix but excluding PCs (Yu et al. 2006). A total of 697 
soybean PIs rated for TRSV symptom sensitivity were included in the GWAS. Given the 
inherent conservativeness of correcting for multiple testing in a GWAS, two multiple testing 
procedures were implemented. The Benjamini-Hochberg (1995) procedure was used to control 
the FDR at 1 %, and the Bonferroni procedure was implemented to control the experiment-wise 
type I error rate at 0.05. To search for any possible minor signals, the most significant SNP 
(ss715581043) was fixed as a covariate.  
 
To determine if marker-assisted selection could predict TRSV sensitivity, numeric genotypes 
of each significant SNP among the 697 soybean PIs were correlated to their sensitivity. To 
determine if genomic selection could predict TRSV sensitivity, five-fold cross validation, with or 
without a covariate in the model, was tested using GAPIT and rrBLUP. In each five-fold cross-
validation, 140 soybean PIs were assigned to a validation population, and the remaining 557 
soybean PIs were used as training population to build the model. Each accession of the 697 
soybean PIs was assigned once as the validation population in a five-fold cross-validation. The 
mean of each five-fold cross-validation, which is a correlation between the BLUPs of validation 
population that generated from the training model and the TRSV sensitivity of validation 
population, was saved as a result of a five-fold cross-validation. A total of 100 iterations of five-
fold cross-validation were conducted with the 697 soybean PIs randomized in order for each run. 
The same five-folds were used to assess the predictive accuracy of the genomic prediction 
models used in GAPIT and rrBLUP. The mean of the 100 iterations was presented to represent 
the results of GAPIT and rrBLUP.  
 
To assess the predictive accuracy of genomic prediction in the remaining 18,955 unscreened 
soybean PIs in the USDA Soybean Germplasm Collection, these PIs were randomly divided into 
85 groups with 223 PIs per group to reduce computational time. To predict GEBVs for the 
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unscreened groups, the genotypes of each group were combined to the genotypes of the 697 
screened PIs to fit a genomic prediction model in GAPIT; thus 85 independent genomic 
prediction models were fitted to acquire one GEBV for each of the 18,955 PIs. A total of ten runs 
for each of the 18,955 unscreened soybean PIs were conducted and the mean was used to 
represent the GEBV for each of the PIs. To approximate the genomic prediction accuracy, a total 
of 55 soybean PIs were selected from the 18,955 unscreened soybean accessions and phenotyped 
for their actual TRSV sensitivities following the methods described above. Cross-validation was 
conducted as described above to obtain a mean correlation between predicted GEBV and actual 
sensitivities of these 55 accessions, which was regarded as the prediction accuracy for genomic 
prediction.  
 
Availability of data and materials  
The original genotypic data (SNPs) used in this study are available on SoyBase 
(http://www.soybase.org); the original phenotypic data for association mapping and genomic 
prediction are available in supplementary Table 3.1; and the analyzing tools, GAPIT and 
rrBLUP, are available on developer’s website (http://www.maizegenetics.net/#!gapit/cmkv) and 
R CRAN website (https://cran.r-project.org/ web/packages/rrBLUP/), respectively.  
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TABLES 
 
Table 3.1. Bayesian information criterion (BIC)-based model selection. The model with the 
largest BIC value is optimal  
Principal components BIC log(Likelihood Function) 
0 -1125.50 -1115.68 
1 -1128.76 -1115.67 
2 -1131.94 -1115.58 
3 -1133.62 -1113.98 
4 -1136.89 -1113.98 
5 -1140.16 -1113.97 
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Table 3.2. Top-ten SNPs in the genome-wide association study without any peak SNP 
covariates 
SNP (ss_id) Chromosome Position MAF 
 
P-value 
R2 of Model 
without SNP  
R2 of model 
with SNP 
FDR-adjusted 
P-value 
ss715581043 2 12,089,749 0.416 1.68×10-9 0.22 0.26 5.16×10-5 
ss715581049 2 12,190,975 0.415 1.23×10-8 0.22 0.26 1.31×10-4 
ss715581051 2 12,206,518 0.422 1.28×10-8 0.22 0.26 1.31×10-4 
ss715581052 2 12,219,313 0.480 4.60×10-7 0.22 0.25 3.53×10-3 
ss715581033 2 11,974,580 0.493 3.76×10-6 0.22 0.24 2.31×10-2 
ss715581062 2 12,327,212 0.453 4.90×10-6 0.22 0.24 2.43×10-2 
ss715581054 2 12,235,906 0.481 5.54×10-6 0.22 0.24 2.43×10-2 
ss715601789 8 40,952,506 0.473 1.22×10-5 0.22 0.24 4.30×10-2 
ss715581036 2 12,036,555 0.430 1.26×10-5 0.22 0.24 4.30×10-2 
ss715601747 8 40,684,679 0.433 4.07×10-5 0.22 0.24 1.19×10-1 
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Table 3.3. Genes between 12,089,749 bp to 12,206,518 bp on soybean chromosome 2a  
Gene ID Position (start..end) Annotation  
Glyma.02g121600 12,084,714..12,089,043 K-box region and MADS box transcription factor 
Glyma.02g121700 12,093,068..12,095,722 RING/U-box Zinc finger, C3HC4 typeprotein 
Glyma.02g121800 12,106,073..12,107,969 Adenine nucleotide alpha hydrolases-like superfamily protein 
Glyma.02g121900 12,112,034..12,115,054 Leucine-rich repeat (Malectin-like) protein kinase family protein 
Glyma.02g122000 12,115,287..12,118,397 Leucine-rich repeat (Malectin-like) protein kinase family protein 
Glyma.02g122100 12,134,374..12,137,612 Heavy metal transport/detoxification superfamily protein 
Glyma.02g122200 12,141,974..12,149,160 Chaperone DnaJ-domain superfamily protein 
Glyma.02g122300 12,143,960..12,145,950 Putative unknown protein 
Glyma.02g122400 12,150,906..12,151,220 Putative unknown protein 
Glyma.02g122500 12,158,735..12,163,084 ACT domain repeat 4 
Glyma.02g122600 12,195,454..12,196,275 FRS (FAR1 Related Sequences) transcription factor family 
aGene ID, position, and annotation were based on soybean genome assembly version 
Glyma.Wm82.a2 (Glyma2.0) 
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Table 3.4. GEBV and actual TRSV sensitivities of 55 soybean plant introductions 
Plant introduction GEBVa Actual Sensitivity Plant 
introduction 
GEBVa Actual Sensitivity 
PI594142 1.72 3 PI092470 3.08 5 
PI548527 1.75 4 PI511361 3.09 4 
PI634903 1.82 3 PI603327 3.13 3 
PI548598 1.87 4 PI468400B 3.38 5 
PI603290 1.95 3 PI416864 3.40 5 
PI548525 1.97 3 PI548301 3.42 4 
PI578479 1.99 4 PI399066 3.46 3 
PI602449 1.99 4 PI192871 3.47 5 
PI088289 2.00 3 PI417536B 3.49 4 
PI088290 2.00 3 PI594418B 4.04 5 
PI592933 2.04 3 PI603633 4.09 5 
PI594399C 2.06 2 PI594570B 4.12 4 
PI092713 2.07 4 PI437207 4.14 5 
PI634890 2.16 1 PI587880B 4.16 5 
PI518677 2.36 3 PI594837A 4.19 4 
PI591503 2.37 3 PI436566 4.21 4 
PI547878 2.40 4 PI587554 4.28 5 
PI547663 2.41 2 PI594635B 4.29 5 
PI091733_1 2.43 4 PI341254 4.44 5 
PI507709 2.45 3 PI103080 4.63 5 
PI547821 2.48 4 PI603449 4.69 5 
PI547531 2.51 4 PI603524 4.69 5 
PI060269_2 2.54 2 PI407739 4.81 5 
PI408335A 2.96 2 PI253664 4.85 5 
PI438501 2.98 2 PI603459 4.85 5 
PI399004 3.00 2 PI603451A 4.87 5 
PI437607 3.02 4 PI603581 4.89 5 
PI592974 3.07 3    
aGEBV was an average of 10 predictions performed by GAPIT.  
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FIGURES 
 
 
Fig. 3.1. Sensitivity of soybean accessions to TRSV infection. a Decision tree for determining 
TRSV sensitivities one to five. b Red arrows indicate necrotic reactions on different trifoliates. 
When the first trifoliate became necrotic, plants were rated with a sensitivity of five. c Necrosis 
of the second trifoliate at the bud stage typifies sensitivity four. d Plants that had necrotic spots 
on first trifoliate leaves belonged to sensitivity three. e Plants in sensitivity two displayed clear 
mosaic symptoms on the first trifoliate. f Plants in sensitivity one were stunted with chlorosis. g 
The distribution of TRSV sensitivity on 697 soybean accessions. 
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Fig. 3.2. Principal component and kinship analyses of soybean genetic data. a The first three 
principal components of the 30,697 SNPs used in the genome-wide association study (GWAS) 
indicates little population structure among the 697 tested accessions. The different colors of dots 
indicate differing TRSV sensitivity values. b A heatmap of the kinship matrix of the 697 soybean 
accessions calculated from the same 30,697 SNPs used in the GWAS suggests low levels of 
relatedness among the 697 individuals. 
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Fig. 3.3. QQ-plots and Manhattan plots for TRSV sensitivities. a QQ-plot from the initial 
GWAS scan. Most P-values were similar to the expected diagonal in the QQ-plot, which 
indicates the appropriateness of the GWAS model. b A single QTL that exceeded genome-wide 
significance was identified on chromosome 2. Red line indicates Bonferroni-corrected threshold 
with an experimental type I error rate at 0.05. Significant SNPs at a false discovery rate of 1 % 
are highlighted in green. c QQ-plot from a second GWAS scan using a model that included the 
peak SNP from the initial GWAS scan (ss715581043) as a covariate. d The Manhattan plot with 
one covariate in the GWAS model identified no additional significant genomic signals. 
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Fig. 3.4. Mean separation by significant SNPs and cross-validation by GAPIT and rrBLUP. 
a Distribution of TRSV sensitivity by each significant SNP genotype showed strong overlap 
between the sensitivity scales. b Five-fold cross-validation with or without the most significant 
SNP, ss715581043, as the covariate. Cross-validation was evaluated by GAPIT and rrBLUP. In 
general, the correlation of training and validating population dropped slightly when the covariate 
was included in the model for both GAPIT and rrBLUP.  
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Fig. 3.5. Genomic prediction and accuracy evaluation. a BLUP and GEBV for 18,955 
unscreened soybean PIs by GAPIT. GAPIT generated a continuous BLUP value for 18,955 
soybean PIs, while BLUP for the training population (with determined TRSV sensitivity) were 
centered at −2.50 (GEBV 1), −1.50 (GEBV 2), −0.50 (GEBV 3), 0.50 (GEBV 4) and 1.50 
(GEBV 5). b Comparison of the TRSV sensitivities of the selected 55 soybean accessions that 
were selected from the predicted 18,955 soybean accessions resulted in correlation between 0.63 
and 0.67. The evaluations by GAPIT and rrBLUP had similar results and the inclusion of the 
most significant SNP, ss715581043, as the covariate reduced the correlation slightly.  
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CHAPTER 4. CHARACTERIZATION OF DISEASE RESISTANCE IN THE USDA 
SOYBEAN GERMPLASM COLLECTION USING GENOME-WIDE ASSOCIATIONS 
 
ABSTRACT 
 
Genetic resistance is a key strategy for disease management in soybean. Over the last 50 years, 
soybean germplasm has been phenotyped for resistance to many pathogens resulting in the 
development of disease resistant elite breeding lines and commercial cultivars. While biparental 
linkage mapping has been used to identify disease resistance loci, genome-wide association 
studies (GWASs) using high-density and high-quality markers such as single nucleotide 
polymorphism (SNP) has become a powerful tool to associate molecular markers and phenotypes. 
The objective of our study was to provide a comprehensive understanding of disease resistance 
in the United States Department of Agriculture of Agricultural Research Service (USDA-ARS) 
Soybean Germplasm Collection by using phenotypic data in the public Germplasm Resources 
Information Network (GRIN) and the public SNP data (SoySNP50K). We identified SNPs 
significantly associated with disease ratings from one bacterial disease, five fungal diseases, two 
diseases caused by nematodes, and three viral diseases. We show that leucine-rich repeat  (LRR) 
receptor-like kinases and nucleotide-binding site-LRR candidate resistance genes were enriched 
within the linkage disequilibrium regions of the significant SNPs. We review and present a 
global view of soybean resistance loci against multiple diseases, and discuss the power and the 
challenges of using GWAS to discover disease resistance in soybean.  
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INTRODUCTION 
 
Development of plant breeding strategies has been facilitated by advancements in 
biotechnology. Before the use of biotechnology, plant breeders relied on phenotypic selection to 
move desired traits into elite lines. With the advent of restriction enzymes and polymerase chain 
reaction, DNA markers were used to assist in trait selection. However, marker assisted selection 
(MAS) using the early generation of DNA markers, such as restriction fragment-length 
polymorphism, amplified fragment length polymorphism, and simple sequence repeat (SSR) 
markers, had limited success because of low coverage, low throughput, and high cost (Yang et al. 
2015). The capabilities of array-based technologies (e.g., Illumina BeadArray and Affymetrix 
GeneChip) and next generation sequencing (e.g., genotyping-by-sequencing) to acquire high-
quality and high-density single nucleotide polymorphism (SNP) markers in a high-throughput 
and low-cost manner provoked a second revolution in plant breeding (Barabaschi et al. 2016). 
 
The availability of high-density SNP markers spread across the entire genome has not only 
enabled the genome-wide association study (GWAS) to locate trait-associated SNPs (Zhu et al. 
2008), but also entitled genomics selection as a viable alternative to MAS in disease resistance 
breeding (Bao et al. 2015; Barabaschi et al. 2016; Chang et al. 2016a; Lipka et al. 2015). In 
contrast to linkage mapping conducted in experimental populations arising from biparental 
crosses, a GWAS is typically conducted in a diversity panel, which captures historical 
recombination events that have occurred during the evolution of the sampled individuals. 
Consequently, false positive marker-trait associations arising from population structure and 
relatedness are likely to be present in a typical GWAS if unaccounted for in the statistical model 
(Lipka et al. 2015). As such, the unified mixed linear model (MLM; Yu et al. 2006), which 
includes both fixed and random effect covariates accounting for population structure and 
relatedness, is widely used in a typical plant GWAS. Although quantitative phenotypes (e.g., 
height, weight, and yield) are commonly assessed in a GWAS, ordinal phenotypes (e.g., severity 
level from 1 to 5) or binary case-control phenotypes (e.g., susceptible or resistant) have also been 
assessed in GWAS (Rincker et al. 2016b). While ordinal phenotypes may be treated as 
quantitative phenotype in the unified MLM, binary phenotypes may require different approaches 
such as statistics using contingency tables or logistic regressions (Anderson et al. 2010; Clarke et 
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al. 2011; Zondervan et al. 2007). To reflect the fact that a typical phenotype is controlled by 
more than one gene, modifications to the unified MLM that allow multiple associated markers to 
be in one statistical model, such as the multi-locus mixed model (MLMM, Segura et al. 2012), 
the multivariate linear mixed model (MTMM, Zhou and Stephens 2014), and models that 
consider epistasis SNP-SNP interaction (Wang et al. 2015), are starting to become used in the 
plant GWAS community. 
 
Soybean (Glycine max (L.) Merr.) is one of the most important crops worldwide and is 
second to maize in production in the USA (Hartman et al. 2015). Soybean production has 
increased steadily from 20 million metric tons (MMT) produced in 1963 to over 90 MMT 
produced in 2013 with an estimated 11% annual loss caused by diseases (Hartman et al. 2015). 
Many management strategies are used to reduce the impact of soybean diseases, including 
rotation, pesticide application, and planting of resistant cultivars. One of the earliest reports of 
disease resistance in soybean dates back to the 1920s when resistance to bacterial blight and 
pustule were described (Woodworth and Brown 1920; Lehman and Woodside 1929). However, 
as more pathogens became constraints to production and others evolved to overcome deployed 
resistance loci, there is a need to discover novel sources of resistance.  The United States 
Department of Agriculture- Agricultural Research Service (USDA-ARS) maintains the Soybean 
Germplasm Collection, which contains over 20,000 plant introductions (PIs) from 87 countries, 
making it the second largest soybean genetic pool after a collection in China (Smykal et al. 2015). 
The USDA collection has been used to identify resistance to many diseases, and the phenotypic 
information is available at Germplasm Resources Information Network (GRIN, www.ars-
grin.gov). There are over 13 soybean diseases with available data in GRIN, and a brief literature 
review for resistance mapping to these diseases are provided below. 
 
Bacterial pustule (BP) is caused by Xanthomonas axonopodis pv. glycines. The first resistant 
locus, named rxp (resistance to X. phaseoli), was reported as a single recessive allele from 
PI548445 (Hartwig and Lehman 1951) and was mapped to chromosome (Chr) 17 between two 
SSR markers (Satt486 and Satt372) (Narvel et al. 2001). Fine mapping further narrowed the rxp 
locus in a 33 Kb region between two SNP markers, SNUSSR17_9 and SNUSNP17_2 & 12, 
where two candidate genes were found (Kim et al. 2010). Additional minor quantitative trait loci 
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(QTL) on Chr 4, 5, 10, 13, 17, and 19 were reported to be associated with BP resistance (Kim et 
al. 2011; Van et al. 2004).   
 
The soilborne fungus Cadophora gregata causes brown stem rot (BSR). The major soybean 
resistance loci against C. gregata was reported on Chr 16; this includes Rbs1 from L78-4094 and  
Rbs2 from PI437833 (Hanson et al. 1988), and Rbs3 from PI437970 and ‘BSR101’ that was first 
mapped Rbs locus (Webb et al. 1997; Willmot and Nickell 1989). Rbs1 and Rbs2 were later 
mapped between SSR markers Satt215 to Satt431 and Satt244 to Satt431, respectively (Bachman 
et al., 2001). Recent linkage mapping and GWAS have shown that the three putative Rbs loci 
may be allelic and located in a 0.34 Mb region on Chr 16 harboring three nucleotide-binding site 
leucine-rich repeat  (NBS-LRR) resistance genes (Glyma.16g169600, Glyma.16g169700, and 
Glyma.16g169900) (Rincker et al. 2015a,b). 
 
Diaporthe stem canker (DSC) is caused by D. phaseolorum var. caulivora (Dpc) and D. 
phaseolorum var. meridionalis (Dpm). Four dominant non-allelic loci conditioning resistance to 
Dpc were identified: Rdc1 and Rdc2 in ‘Tracy M’, Rdc3 in cv. ‘Crockett’, and Rdc4 in cvs. 
‘Dowling’ and ‘Hutcheson’ (Bowers et al. 1993; Kilen and Hartwig 1987; Tyler 1996). A later 
study screened these cultivars to different isolates of Dpc and Dpm, and the four loci, Rdc1-4, 
were renamed to Rdm1-4 because these cultivars displayed resistance to Dpm, but not to Dpc 
(Pioli et al. 2003). In addition, cultivars Dowling and Hutcheson displayed different sensitivities 
to two Dpm isolates, CE109 and CE112, which lead to the identification of Rdm5 in Hutcheson 
(Chiesa et al. 2009; Pioli et al. 2003). To our knowledge, none of the Rdm resistance genes have 
been mapped. None of the soybean lines harboring Rpm1-5 displayed full resistance to isolates 
of Dpc. Nevertheless, Hutcheson and an Argentine edamame germplasm line, G47, have been 
reported to be moderately resistant to Dpc (Benavidez et al. 2010). 
 
Since an early report of Phytophthora root rot (PRR) resistance (Bernard et al. 1957), 14 loci 
associated with resistance to Phytophthora sojae have been identified including Rps1 (six allelic 
types), Rps7, Rps9, RpsYu25, and RpsYD29 on Chr 3; Rps2 and RpsUN2 on Chr 16; Rps3 (three 
alleles) and Rps8 on Chr 13; Rps4, Rps5, Rps6, and RpsJS on Chr 18 (Lee et al. 2013; Lin et al. 
2013; Nguyen et al. 2012; Sugimoto et al. 2012; Sun et al. 2011; Sun et al. 2014; Zhang et al. 
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2013). Most commercial soybean cultivars have resistance to this pathogen; the most commonly 
used allele is Rps1k, but others like Rps1a and Rps1c are also deployed (Chawla et al. 2013).  
 
Fusarium virguliforme is a soilborne fungus that causes sudden death syndrome (SDS) in the 
USA (Hartman et al. 2015). Soybean resistance to F. virguliforme is quantitative (Lightfoot 
2015). Genetics of SDS resistance are complicated not only because resistance to SDS is 
sensitive to environmental factors and other organisms (e.g., soybean cyst nematode, Heterodera 
glycines, SCN), but also because of the complexity of the host-pathogen interaction. The fungus 
infects only below ground parts of soybean plants early in the season and produces phytotoxins 
that are translocated to leaves where they induce foliar symptoms later in the growing season 
(Chang et al. 2016b). Accordingly, soybean resistance to F. virguliforme can be divided into two 
parts: foliar resistance to phytotoxins and resistance to root rot (Lightfoot 2015). Altogether, 
more than 50 QTL have been reported for SDS resistance (Anderson et al. 2015; Luckew et al. 
2013). Association studies also have been conducted for SDS resistance, some of which 
identified associated markers in the vicinity of previously reported QTL (Bao et al. 2015; Chang 
et al. 2016b; Swaminathan et al. 2015; Wen et al. 2014; Zhang et al. 2015). 
 
Soybean rust (SBR) is caused by Phakopsora pachyrhizi. Typical susceptible foliar 
symptoms are tan lesions often with more than two uredinia per lesion with abundant sporulation. 
Resistance has been defined as foliar symptoms displaying reddish brown lesions with less than 
two uredinia per lesion or no visible lesions (Hartman et al. 2011; Kelly et al. 2015). Resistance 
locus Rpp1 in PI 200492 (McLean and Byth 1980) and a distinct allele, Rpp1-b, identified 1 cM 
from Rpp1 in PI 594538A, were both mapped to Chr 18 (Chakraborty et al. 2009; Hyten et al. 
2007). Rpp2 in PI 230970 and rpp2 in PI224270 were mapped to Chr 16 (Garcia et al. 2008; 
Silva et al. 2008). Rpp3 in PI 462312 and PI 416764, as well as Rpp?(Hyuuga) in ‘Hyuuga’  
were mapped to Chr 6 (Hossain et al., 2014; Hyten et al. 2009; Monteros et al. 2007). Rpp4 in PI 
459025 was mapped to Chr 18 (Silva et al. 2008), and Rpp5 in three PIs as well as rpp5 in PI 
200456 were mapped to Chr 3 (Garcia et al. 2008). Rpp6 in PI 567102B, a novel or Rpp6-allelic 
locus Rpp[PI 567068A] and Rpp6907 in a Chinese line, SX6907, were mapped to Chr 18 (Chen 
et al. 2015; Harris et al. 2015; King et al. 2015).  
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Resistant loci in soybean to reniform nematode (RN), Rotylenchulus reniformis, have been 
reported on Chr 11, 18, and 19 from PI 437564 (Ha et al. 2007). A recent study reported and 
confirmed resistance in PI 567516C on Chr 11 and 18 (Jiao et al. 2015a). These two loci overlap 
with loci for resistance to SCN, indicating the possibility of a shared resistance mechanism 
against R. reniformis and H. glycines (Jiao et al. 2015b; Wu et al. 2009).  
 
Several dominant and recessive genes have been reported to provide resistance to H. glycines, 
including Rhg1-3, Rhg4, and Rhg5 (Concibido et al. 2004; Jiao et al. 2015b). More than 62 QTL 
associated with SCN resistance has been mapped (Gou et al. 2006). Association studies 
conducted on different HG types of H. glycines identified significant SNPs on Chr 2, 4, 5, 7-9, 
11, 14, 16, 18, and 20 (Han et al. 2015) and on Chr 1, 2, 7, 8, 10-15, and 18-20 (Vuong et al. 
2015), and both studies confirmed loci Rhg1 on Chr 18 (Cook et al. 2012) and Rhg4 on Chr 8 
(Liu et al. 2012). 
 
There has been no mapping study for Bean pod mottle virus (BPMV) tolerance or resistance, 
but there were many reports of resistance to Peanut mottle virus (PMV) and to Soybean mosaic 
virus (SMV). Three PMV resistance loci in soybean include two dominant loci, Rpv1 in PI 
96983 and Rpv3 in ‘CNS’, and one recessive locus, rpv2 in ‘Peking’ (Hill and Whitham 2014). 
The Rpv1 gene was mapped to Chr 13 within 1.1 cM of Rsv1, a resistant locus to SMV (Gore et 
al. 2002).  
 
Soybean responses to SMV infection have been classified into three types: susceptibile, 
necrotic, and resistance, which depend on the soybean genotypes and the strains of SMV (Hill 
and Whitman 2015). In the USA, at least seven strains (G1 to G7) have been reported that induce 
different responses on differential soybean PIs (Cho and Goodman 1979; Zhou et al. 2015). 
While susceptible soybeans displayed typical viral symptoms such as mosaic and curling leaves 
in different severity levels, resistant soybeans generally have no symptoms and have no 
detectable or recoverable virus. Necrosis could be local necrotic spots, systemic necrosis, or bud 
blight that eventually limits plant growth. Although necrotic responses have been considered as 
hypersensitive interaction against SMV, SMV may still capable of replication and movement 
(Cervantes-Martinez et al. 2015). Three loci control soybean resistance against SMV. Rsv1 was 
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first found (Kiihl and Hartwig 1979) and mapped on Chr 13, which appears to be a dominant 
source with at least ten allelic types. On the other hand, Rsv3 on Chr 14 contains five allelic 
types in ‘Harsoy’, ‘L29’, ‘OX686’, PI 61947, and PI 399091, while Rsv4 on Chr 2 has three 
allelic types from ‘Beeson’, V94-5152, and PI 88788 (Cervantes-Martinez et al. 2015; Ilut et al. 
2015). In addition to dozen of allelic types of Rsv1, Rsv3, and Rsv4 reported in the USA, several 
resistant alleles were reported in China, including Rsc7 and Rsc8 on Chr 2 in ‘Kefeng No.1’, 
Rsc15 on Chr 6 in ‘RN-9’, Rsc3Q and Rsc14Q on Chr 13 in ‘Qihuang No.1’, and Rsc4 on Chr 14 
in ‘Dabaima’ (Li et al. 2015). 
 
 The objective of our study was to associate the phenotypic data for 11 diseases reported in 
the USDA-ARS-GRIN Soybean Germplasm Collection with SNP markers derived from 
SoySNP50K (Song et al., 2013) using GWAS, with a goal of presenting a global view of 
soybean resistance loci available in public data bases that could be used in the era of “next 
generation breeding” (Barabaschi et al., 2016). 
 
MATERIALS AND METHODS 
 
Phenotypic and genotypic data 
Phenotypic data for 13 soybean diseases were obtained from the USDA-ARS-GRIN database 
(www.ars-grin.gov). Disease severity rating and population size with available SNPs from 
SoySNP50K differed by each disease (Table A.8). SNP marker data were obtained from the 
SoySNP50K (www.soybase.org). Missing SNPs on each chromosome were inputted separately 
using BEAGLE version 3.3.2 (Browning and Browning 2009), which resulted in a total of 
42,449 SNP markers. When phenotype data were available for more than 2,000 soybean PIs, a 
minor allele frequency (MAF) of 0.01 was used as a cutoff. When phenotype data were available 
for less than 2,000 PIs, a MAF of 0.05 was used.  
 
Association analyses 
For each evaluated trait, a GWAS was conducted using the unified mixed linear model (MLM; 
Yu et al. 2006) with population parameters previously determined (Zhang et al. 2010) in the 
GAPIT R package (Lipka et al. 2012). The initial MLM included principal components (PCs; 
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Price et al. 2006) and a kinship matrix (VanRaden 2008) that were used to account for 
population structure and familial relatedness. The Bayesian information criterion (BIC) was used 
to determine the optimal number of PCs needed to include as covariates in the MLM.  For most 
of the evaluated trait, the BIC-based model selection procedure selected the model with zero PC 
as optimal, suggesting that either the most of the traits were strongly correlated with population 
structure or that the kinship matrix is accounting for population structure as well as familial 
relatedness. The Benjamini-Hochberg (1995) procedure was used to adjust for multiple testing at 
a false-discovery rate (FDR) of 5%. When the initial GWAS identified more than one significant 
SNP at a 5% FDR, the GWAS scan was reran with most significant SNP as a covariate in the 
model. This procedure (i.e., conducting GWAS scans using the peak SNP from a previous 
GWAS as a covariate) was continued until no significant SNPs were found at 5% FDR. For 
binary phenotypes (specifically for BPMV and PMV), signals detected by MLM were further 
confirmed by regional association tests (200 Mb) using Firth’s logistic regression (Firth 1993). 
The R package ggbio was used to plot ideograms for significant SNPs (Yin et al. 2012).  
 
LD analyses and candidate gene categorization 
Flanking SNPs located within 3 Mbp upstream and 3 Mbp downstream of each significant 
SNP were used for pairwise LD analyses in TASSEL5 (Bradbury et al. 2007). A sliding window 
size of 50 bp was used and heterozygous alleles were treated as missing data. The LD region was 
determined (Table A.9) at a cutoff of squared allele-frequency correlation equal to 0.2 using 
loess regression in R (Cleveland 1981). The genetic composition surrounding the significant 
SNPs (in other words, genes that locate within the LD region of a significant SNP) was 
summarized. The observed numbers of leucine-rich repeat receptor-like kinase (LRR-RLK) and 
NBS-LRR genes in the LD region were compared to the number of LRR-RLK and NBS-LRR in 
the soybean genome (Schmutz et al. 2010) using a chi-squared test for verifying enrichment 
significance. 
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RESULTS 
 
Significant novel SNPs associated with BP, BPMV, DSC, PMV, RN, SBR, SCN, and SDS 
resistance and previously reported SNPs from resistance loci were found (Fig. 4.1). Among these 
diseases, SNPs associated with a response to DSC and to BPMV were mapped for the first time. 
To provide a view of the genetic composition around these SNPs and loci, genes located within 
the LD region of each significant SNP were summarized, and the top two observed annotations 
were LRR-RLK and NBS-LRR genes, which accounted for 3.38% and 3.45% of the entire data 
set (Fig. 4.2). In the soybean genome, LRR-RLK and NBS-LRR genes are estimated at 1.03% 
and 0.69% of the total coding sequences, respectively (Afzal et al. 2008; Kang et al. 2013; Liu et 
al. 2015; Schmutz et al. 2010). Our results indicated a significant enrichment of LRR-RLK and 
NBS-LRR genes (p < 0.01) in the LD regions highlighted by GWAS, which demonstrated the 
power of GWAS in finding disease resistance associations.  
 
Bacterial pustule resistance 
GWAS identified three significant SNPs on Chr 1, 11, and 17 (Fig. 4.1; Table A.9). Two 
LRR-RLK resistance gene candidates (Glyma01g40560 and Glyma01g40590) were found within 
the LD region of the most significant SNP, ss715580342 (Fig. A.7). A SNP (ss715580344) 
within the Glyma01g40560 was significant in the initial GWAS but not significant after fixing 
ss715580342 as a covariate in the GWAS model. In addition, another LRR-RLK gene 
(Glyma11g20310) was found in the LD region of ss715609404 on Chr 11 (Fig. A.8). A SNP 
(ss715628133) was found in the previously reported rxp locus, between SNUSNP17_2&_12 and 
Satt372, where two candidate resistance genes (Glyma17g09780 and Glyma17g09790) were 
found (Kim et al. 2010). However, we found ss715628133 located within a RLK gene 
(Glyma17g09801), which suggests an alternative candidate resistance gene in the rxp locus (Fig. 
4.3).  
 
Brown stem rot resistance 
Two SNPs on Chr 4 and 16 were significant (Fig. 4.1; Table A.9). No defense-related genes 
were found in the LD region of ss715587043 on Chr 4 (Fig. A.9), but more than ten LRR-RLK 
genes were found in the LD region of ss715624573 on Chr 16 (Fig. 4.4), including 
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Glyma16g28530, Glyma16g28540, and Glyma16g28570 that were previously reported (Rincker 
et al., 2015a,b). It is likely that the one or more of the LRR-RLK genes in this region may 
contribute to BSR resistance. 
 
Diaporthe stem canker resistance 
Two SNPs, ss715617869 for Dpc and ss715617951 for Dpm, were significant (Fig. 4.1; Table 
A.9). The LD regions of these two SNPs overlapped to each other, suggesting the possibility that 
the same resistance source underlie these two SNPs. Although both SNPs were located within 
genes without LRR-domains, two LRR-RLK genes (Glyma14g02850 and Glyma14g02990) and 
two Toll/interleukin-1 receptor (TIR)-NBS-LRR (Glyma.14g02760 and Glyma.14g02770) 
occurred between ss715617869 and ss715617951 (Fig. 4.5).  
 
Phytophthora root and stem rot resistance 
None of the tested SNPs were significantly associated with races 9, 12, 20, 30, 33, and 38. 
However, significant associations were detected for 19 SNPs on Chr 3 using races 1-8, 10, 17, 
30, and 30T (Fig. 4.1; Table A.9). There was a SNP desert around 4,041,000 to 4,441,000 bp that 
split GWAS signals (Fig. 4.6A). A SNP (ss715585493) located within a LRR-RLK gene 
(Glyma03g03815) in the upper region, and five additional LRR-domain genes could be found in 
the LD region (Fig. 4.6B). A SNP (ss715586320) located within a LRR-RLK (Glyma03g04340) 
in the lower region, and four additional LRR-domain genes as well as other defense-related 
genes were observed in the LD region (Fig. 4.6C). Among the five significant SNPs on Chr 13 
using races 1, 25 and 31, ss715614930 locates within a LRR-RLK gene (Glyma13g25750). Four 
additional LRR-RLK genes (Glyma13g25724, Glyma13g25800, Glyma13g25811, and 
Glyma13g25820) and one NBS-LRR gene (Glyma13g25780) were found in the LD region (Fig. 
4.7). Three of the four significant SNPs on Chr 18 using races 1, 4, and 31 were located in genes 
without LRR-domains, but three NBS-LRR genes (Glyma18g51930, Glyma18g51950, and 
Glyma18g51960) and one LRR-RLK (Glyma18g52050) were found in the LD region (Fig. A.10). 
Comparing these results to previous reports, the SNPs on Chr 3 were likely mapped to Rps1, 
RpsYu25, and RpsYD29 rather than Rps7, because Rps7 is not functional against races 1-8, 10, 
17, 30, and 30T; instead, at least one allelic type of Rps1 would be functional against these races 
(Lin et al. 2013; Sugimoto et al. 2012; Sun et al. 2011; Zhang et al. 2013). Comparison of the 
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pathotypes did not provide insights for SNPs on Ch13 and 18, but based on the location of these 
SNPs, the former is likely Rps8 and the latter Rps6 or a putative new allele RpsJS (Sugimoto et 
al., 2012; Sun et al., 2014).  
 
Sudden death syndrome resistance 
There were two significant SNPs, ss715603096 on Chr 9 and ss715609076 on Chr 11, 
associated with resistance to SDS (Fig. 4.1; Table A.9). While ss715603096 locates within a 
SNARE gene (Glyma09g02310), there were two LRR-RLK genes (Glyma.09g02190 and 
Glyma.09g02205) and three NBS-LRR genes (Glyma.09g02401, Glyma.09g02411 and 
Glyma.09g02420) located in the LD region of ss715603096 (Fig. 4.8). For Chr 11, a NBS-LRR 
gene (Glyma11g17875) was found in the LD region of ss715609076 (Fig. A.11). 
 
Soybean rust resistance 
None of the tested SNPs were significantly associated with leaf severity (Table A.8). Using 
RB, MIXED and TAN phenotypes, one significant SNP (ss715620259) on Chr 15 and one 
significant SNP (ss715632290) on Chr 18 were identified (Fig. 4.1; Table A.9). There were two 
LRR-RLK genes (Glyma15g14111 and Glyma15g14121) in the LD region of ss715620259 (Fig. 
A.12). For ss715632290, located between BARC-010495-00656 and BARC-014379-01337, and 
borders the Rpp1 locus (Chakraborty et al. 2009), there were two LRR-RLK genes 
(Glyma18g51330 and Glyma18g51520) and one NBS-LRR gene (Glyma18g51546) found in the 
LD region (Fig. 4.9). 
 
Root-knot nematode resistance 
One SNP (ss715606985) on Chr 10 was significantly associated with RN as well as SCN races 
3 and 5 (Table A.9). There was no LRR domain-encoding gene in the LD region of ss715606985 
(Fig. 4.10), but other genes in the LD region, such as a tetratricpepyide repeat (TPR) protein 
(Glyma10g31600) might condition resistance through plant hormone regulation (Laluk et al. 
2011; Schapire et al. 2006). 
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Soybean cyst nematode resistance 
No significant SNPs were identified for races 2, 4, and 14. There were several loci identified 
for race 1 (HG type 2, avirulent on Pickett), race 3 (HG type 0), and race 5 (HG type 2, virulent 
on Pickett) on Chr 3, 4, 7, 9-11, 13-15, and 18 (Fig. 4.1; Table A.9). One of these SNPs 
(ss715629308) was found in the Rhg1 locus, and was detected for races 1, 3, and 5 (Fig. 4.11). 
There was a separation of ss715629308 on Chr 18, as one Rhg1 copy (Cook et al. 2012) was 
located in a low LD region before the SNP with five LRR-RLK genes in the high LD region after 
the SNP with Glyma18g02681 the closest to the SNP (Fig. 4.11). Another significant SNP 
(ss715638409) on Chr 20 was within an LRR-RLK gene (Glyma20g33531) and three additional 
LRR-RLK were found in this LD region (Fig. 4.12). These results indicate the possibility that 
resistance to SCN might embrace not only Rhg1 copy number variation (Cook et al. 2012), but 
also LRR-RLK mediated defense resources (Afzal et al. 2009; Guo et al. 2015). There was no 
SNP found in the Rhg4 locus on Chr 8 (Liu et al. 2010). Compared to previous GWAS using 
race 3, we found one significant SNP on Chr 3 that was not previously reported (Han et al. 2015; 
Vuong et al. 2015). Our study appears to be the first mapping report using races 1 and 5 (HG 
type 2), and we found significant SNPs on Chr 4, 7, 10, 15, 18, and 19 (Fig. 4.1; Table A.9).  
 
Bean pod mottle resistance 
Three significant SNPs were found on Chr 2, 7, and 9 (Fig. 4.1; Table A.9). Four LRR-RLK 
genes (Glyma02g31410, GLyma107g27765, Glyma07g17910, and Glyma09g00540) were found 
in the LD region (Fig. 4.13; Fig. A.13; Fig. A.14), which suggests these genes might provide 
tolerance or resistance to BPMV. 
 
Peanut mottle resistance 
There were four significant SNPs for PMV (Fig. 4.1; Table A.9). While no LRR-domain gene 
was found on Chr 1 (Fig. A.15), seven NBS-LRR genes (Glyma03g05260, Glyma03g05290, 
Glyma03g05351, Glyma03g05370, Glyma03g06385, Glyma03g05400, and Glyma03g05420) 
were found in the LD region to ss715586831 on Chr 3 (Fig. 4.14). For SNPs on Chr 12 and Chr 
13, one LRR-RLK gene (Glyma12g09960) and one LRR-RLK gene (Glyma13g24980) was 
found in the LD region, respectively (Figs. A.16; Fig. A.17). The significant SNP (ss715614803) 
on Chr 13 was found in a previously reported Rpv1 locus, and it is about 500 Kbp from a 
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significant SNP (ss715614889) located in the Rsv1 locus for SMV (Fig. 4.1; Table A.9). The 
result provides physical distance to support a previous mapping study, which suggested that 
Rpv1 neighbors Rsv1 (Gore et al. 2002). 
 
Soybean mosaic resistance 
One significant SNP (ss715614889) on Chr 13 was found using SMV strains G1, G2, and G3. 
There was one LRR-RLK gene (Glyma13g25340) and two NBS-LRR genes (Glyma13g25420 
and Glyma13g25440) found in the LD region (Fig. 4.15). It seems plausible that Rsv1 is 
underlying the signal at ss715614889 because almost all allelic types of Rsv1 are effective 
against SMV strains G1 to G3 (Cervantes-Martinez et al. 2015). In contrast, G7 has been shown 
to be the most virulent strain and only soybean lines with Rsv3 and/or Rsv4 were reported 
resistant to G7 (Ilut et al. 2015). A SNP (ss715619353) on Chr 14 was significantly associated 
with G7. Six NBS-LRR genes (Glyma14g38500, Glyma14g38516, Glyma14g38533, 
Glyma14g38561, Glyma14g38586, and Glyma14g38700) and three LRR-RLK genes 
(Glyma14g38630, Glyma14g38650, and Glyma14g38670) were found in the LD region (Fig. 
4.16). 
 
DISCUSSION 
 
The availability of SoySNP50K provides insights into the resistance gene pool in the USDA 
Soybean Germplasm Collection, and also enables genomic selection using these SNPs to predict 
genomic breeding values for diseases as demonstrated for SDS and Tobacco ringspot virus (Bao 
et al., 2015; Chang et al., 2016a). With the high throughput genotyping technologies, genotype-
based selection is expected to streamline soybean resistance breeding. Nevertheless, some 
limitations of GWAS have been noted (Korte and Farlow, 2013). In our study, we noticed that a 
larger population size was not a guarantee for finding significant results, although it generally 
increased statistical power and signal strength. For example, the USDA-ARS-GRIN database 
contains a data set with 1,065 phenotyped soybean PIs for Pythium root rot, but the GWAS 
failed to detect any significant SNPs (Table A.8). This was also true for frogeye leaf spot using 
four data sets (1,332 PIs for Cercospora soja isolates C32; 1,902 PIs for C. soja race 2; 104 PIs 
for C. soja race 11; and 114 PIs (race unknown), in which they all failed to identify significant 
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SNPs (Table A.8). In another example, an identical locus was found using either 1,426 or 112 
PIs for DSC, with only better signal strength (Fig. 4.5). Moreover, a GWAS using only 79 PIs 
identified a SNP associated with RN with this same SNP detected with SCN races 3 and 5 using 
9,865 and 9,353 PIs, respectively (Fig. 4.10). In addition to our observations, a recent study on 
Arabidopsis immunity to Botrytis cinerea demonstrated a selection methodology of mapping 
population by choosing 96 Arabidopsis accessions with a close flowering time from the total 
collection of 241 accessions (Corwin et al. 2016). It therefore seems reasonable that a 
representative diversity panel may be equally important for a GWAS as a sufficient sample size. 
 
A conventional cutoff at MAF 0.05 or 0.01 was used to filter SNPs. We observed several 
cases where significant signals were detected but ignored because they were too rare in the 
population. For example, resistance to SDS in soybean is quantitative, and sources of resistance 
to SDS in the USDA Soybean Germplasm Collection may be lower than 1% (Mueller et al. 
2002). The highly skewed phenotypic distribution toward susceptibility suggests that the 
associations of SNPs with SDS resistance are likely to be rare. Dozens of SNPs were 
significantly associated with SDS resistance in our study, but they were filtered out because most 
of them fell below the 0.01 MAF (Fig. A.18). Accordingly, the decision to choose a MAF cutoff 
has a profound impact on GWAS, especially when resistance is rare. However, using all SNPs 
without setting a MAF threshold would introduce statistical problems. An alternative strategy is 
to balance the distribution by using a smaller proportion of susceptible PIs. For example, Zhang 
et al. (2015) selected 214 PIs, of which about 75% were susceptible to SDS according to the 
USDA-ARS-GRIN database; and after re-evaluating phenotypes of these PIs, they identified 12 
loci and 12 SNP-SNP interactions associated with SDS resistance. While the strategy may 
provide a solution for increasing the proportion of resistant PIs and the frequency of rare 
resistant alleles in a population, it should be noted that results could differ based on selecting a 
different proportion of susceptible PIs. 
 
In our study, we utilized phenotypic data from the USDA Soybean Germplasm Collection to 
conduct a GWAS for 11 diseases. We successfully identified SNPs located in previously 
reported resistance loci and reported novel associations. We demonstrated the power of the 
GWAS to identify several LRR-RLK and NBS-LRR genes within the LD region of significant 
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SNPs. Follow-up biological studies need to be conducted to understand how these candidate 
LRR-domain genes are involved in defense responses. Because of the decrease in costs 
associated with obtaining high-density genome-wide marker sets and the incremental 
improvements of statistical methods available for GWAS, challenges in the future may include 
the innovation of accurate, low-cost, high-throughput, and reproducible phenotyping, which 
together may launch a new wave of plant breeding and disease management for crops (Singh et 
al. 2016). 
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FIGURES 
 
 
Fig. 4.1. Locations of significant single nucleotide polymorphisms (SNPs). SNPs that passed 
the 5% false discovery rate are shown for 11 soybean diseases.  
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Fig. 4.2. Genetic composition in the LD regions of significant SNPs. Defense-related genes 
represent 11% of the data set. LRR-RLK and NBS-LRR genes each account for 30% of defense-
related genes, each at 3.4% of the total soybean gene data set.  
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Fig. 4.3. Manhattan and LD plot for SNP (ss715628133) associated with BP on Chr 17. (A) 
Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FRD. The grey lines indicate SNPs with FDR above 5%. 
The horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) Genes locate between SNUSNP17_2&_12 to Satt372, which defined the region of 
rxp locus. (C) In addition to Glyma17g09780 and Glyma17g09790, we propose a RLK gene 
(Glyma17g09801) as a candidate resistance gene. 
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Fig. 4.4. Manhattan and LD plot for SNP (ss715624573) associated with BSR on Chr 16. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) Genes locate between 32,387,000 to 32,587,000 bp, the region of Rbs1-3 locus. (C) 
ss715624573 locates within Glyma16g28650, and more than ten LRR-RLK genes surround the 
SNP, including previously proposed three resistance genes, Glyma16g28530, Glyma16g28540, 
and Glyma16g28570. 
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Fig. 4.5. Manhattan and LD plot for SNP (ss715617869, warm color) and SNP 
(ss715617951, cold color) associated with DSC on Chr 14. (A) Lines follow the left axis, 
which shows the original p values for each SNP (each line). The colored lines indicate SNPs 
below 5% FDR. The grey lines indicate SNPs above 5% FDR. The horizontal dash line indicates 
the minimum significant p value at 5% FDR. Dots follow right axis, which shows the LD (r2) for 
each SNP corresponding to the most significant SNP using Dpc (red triangle) and Dpm (blue 
diamond). (B) Genes locate between 1,624,000 to 2,024,000 bp. (C) ss715617869 locates within 
Glyma14g02740. Two TIR-NBS-LRR and one LRR-RLK genes locate in the LD region of 
Glyma14g02740. (D) ss715617951 locates with Glyma14g03071, and a LRR-RLK locates 
before it in the LD region. 
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Fig. 4.6. Manhattan and LD plot for SNP (ss715585493) associated with PRR on Chr 3. (A) 
Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) Genes locate between 3,641,000 to 4,041,000 bp. ss715585493 locates in 
Glyma03g03815 (green circle) and other LRR-domain genes could be found in the LD region 
(yellow circle). (C) Genes locate between 4,441,000 to 4,841,000 bp. ss715586320 locates in 
Glyma03g04340 (green circle) and other LRR-domain genes could be found in the LD region 
(yellow circle). 
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Fig. 4.7. Manhattan and LD plot for SNP (ss715614930) associated with PRR on Chr 13. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) Genes locate between 28,829,000 to 29,129,000 bp. (C) ss715614930 locates in 
Glyma13g25750 (green circle) and other LRR-domain genes could be found in the LD region 
(yellow circle).  
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Fig. 4.8. Manhattan and LD plot for SNP (ss715603096) associated with SDS on Chr 9. (A) 
Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) ss715603096 locates in Glyma09g02310 (green circle) and other LRR-domain 
genes could be found in the LD region (yellow circles).  
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Fig. 4.9. Manhattan and LD plot for SNP (ss715632290) associated with SBR on Chr 18. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) There are three LRR-domain genes could be found in the LD region (yellow 
circles) found between 60,302,000 to 60,502,000 bp. 
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Fig. 4.10. Manhattan and LD plot for SNP (ss715606985) associated with RN and SCN on 
Chr 10. (A) Lines follow the left axis, which shows the original p values for each SNP (each 
line). The colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% 
FDR. The horizontal dash line indicates the minimum significant p value at 5% FDR. Dots 
follow right axis, which shows the LD (r2) for each SNP corresponding to the most significant 
SNP. Red triangle, yellow dots, and red lines presents for RN. Blue diamond, empty diamond, 
and blue lines represents for SCN. (B) A TPR-domain gene (Glyma10g31600) was found in the 
LD region. 
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Fig. 4.11. Manhattan and LD plot for SNP (ss715629308) associated with SCN on Chr 18. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) Genes locate in 1,164,000 to 2,064,000 bp. (C) A low LD region before 
ss715629308 includes Rhg1 locus. (D) A high LD region after ss715629308 includes four 
additional LRR-RLK genes. 
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Fig. 4.12. Manhattan and LD plot for SNP (ss715638409) associated with SCN on Chr 20. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) ss715638409 locates within an LRR-RLK (green circle) and three LRR-RLK genes 
were found in the LD region (yellow circles). 
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Fig. 4.13. Manhattan and LD plot for SNP (ss715581912) associated with BPMV on Chr 2. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) An LRR-RLK (Glyma02g31410) was found in LD region. 
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Fig. 4.14. Manhattan and LD plot for SNP (ss715586831) associated with PMV on Chr 3. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) Seven NBS-LRR genes were found in LD region. 
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Fig. 4.15. Manhattan and LD plot for SNP (ss715614889) associated with SMV on Chr 13. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) One LRR-RLK and two NBS-LRR genes were found in the LD region. 
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Fig. 4.16. Manhattan and LD plot for SNP (ss715619353) associated with SMV on Chr 14. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) Three LRR-RLK and six NBS-LRR genes were found in the LD region.	
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APPENDIX 
 
Table A.1. Statistics of the six RNA-Seq libraries 
Library 
Treatment 
Bioanalyzer 
RIN Score 
Number of 
Reads 
Q.S. (median/ 
interquartile)* 
FASTX 
Filtered 
Percentage 
TopHat2 
Mapped 
Percentage 
5-days-old Rep1 9.5 31,664,509 37/35-40 27.4 93.1 
5-days-old Rep2 9.5 29,594,183 37/35-40 27.6 94.3 
5-days-old Rep3 9.5 27,374,393 37/35-40 27.5 94.7 
20-days-old Rep1 9.2 28,443,156 37/35-40 25.0 91.7 
20-days-old Rep2 9.3 28,278,336 37/35-40 26.2 95.0 
20-days-old Rep3 9.4 29,923,992 37/35-40 25.8 92.8 
*Q.S. represents the quality score of each sample library. A quality score of 30 (Q30) indicates 
one sequencing error per 1,000 base pairs, corresponding call accuracy of 99.9%. 
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Table A.2. Detection of trichothecenes and other toxins 
Toxins Culture filtrate Infested sorghum Infected plants 
Vomitoxin – – – 
T-2 Tetraol – – – 
Fusarenone-X – – – 
3- acetyl DON – – – 
15- acetyl DON – – – 
DAS – – – 
T-2 Triol – – – 
T-2 Toxin – – – 
Iso T-2 Toxin – – – 
Scirpentriol – – – 
Nivalenol – – – 
15-acet-Scrip – – – 
Neosolaniol – – – 
HT-2 Toxin – – – 
Acetyl T-2 – – – 
Zearalenol – – – 
Zearalenone – – – 
*Tested by the Veterinary Diagnostic Laboratory, NDSU, Fargo, ND. 
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Table A.3. Soybean varieties used in GWAS 
PI Necrosis PI Necrosis PI Necrosis PI Necrosis 
PI081780 Yes PI506510 Yes PI567374 Yes PI567753A Yes 
PI088289 Yes PI507298 Yes PI567462 Yes PI567765C Yes 
PI088290 Yes PI507709 Yes PI567520B Yes PI578396 Yes 
PI091733_1 Yes PI510670 Yes PI567524 Yes PI587554 Yes 
PI092470 Yes PI511361 Yes PI567537 Yes PI587880B Yes 
PI092713 Yes PI518671 Yes PI567538A Yes PI591503 Yes 
PI103080 Yes PI518677 Yes PI567549A Yes PI594142 Yes 
PI192871 Yes PI525454 Yes PI567550 Yes PI594399C No 
PI253664 Yes PI533605 Yes PI567556 Yes PI594418B Yes 
PI341254 Yes PI547531 Yes PI567577 Yes PI594570B Yes 
PI398998 Yes PI547663 Yes PI567584 Yes PI594635B Yes 
PI399004 Yes PI547821 Yes PI567587A Yes PI594837A Yes 
PI399066 Yes PI547878 Yes PI567589 Yes PI602449 Yes 
PI407739 Yes PI548301 No PI567591 Yes PI603327 Yes 
PI407963 Yes PI548459 Yes PI567592 Yes PI603459 Yes 
PI408335A Yes PI548525 Yes PI567597B Yes PI603524 No 
PI436566 Yes PI548527 Yes PI567634 Yes PI603581 No 
PI437207 Yes PI548598 Yes PI567648C Yes PI603633 Yes 
PI437340B Yes PI548667 Yes PI567688B Yes PI634890 Yes 
PI437607 Yes PI567319A Yes PI567742B No PI634903 Yes 
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Table A.4. BIC-based model selection 
Principal components BIC log(Likelihood Function) 
0 -6.959 -0.386 
1 -8.897 -0.132 
2 -11.455 -0.500 
3 -16.248 -3.101 
4 -18.249 -2.912 
5 -20.432 -2.904 
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Table A.5. Primers used in cloning 
SMV cloning 
fvtox1 F-(ClaI)  ggaaATCGATatgaagtccacattcacccttgcg 
R-(NheI)  ttaaGCTAGCctgtgggttgcgcacaca 
fvtox2 F-(ClaI)  ggaaATCGATatgtatctgaaggcgctgctc 
R-(NheI)  ccttGCTAGCacaggcgtgggcgtt 
fvcp1 F-(ClaI)  ccaaATCGATatgtttgccaagttcaccacc 
R-(NheI)  ccaaGCTAGCcagagcagcgacc 
fvcp2 F-(ClaI)  ggttATCGATatgaagctgtccggtgtcc 
R-(NheI)  ggttGCTAGCgtgagggagacc 
fvcp3 F-(ClaI)  ccttATCGATatgctgcagctaaaccc 
R-(NheI)  ccaaGCTAGCgattccaaacgcaa 
fvnis1 F-(ClaI)  ggttATCGATatgcgcttctccctcgccctc 
R-(NheI)  ggttGCTAGCctggctggccttgtactc 
fvnlp1 F-(ClaI)  ggttATCGATatggttctcgtcactcgattc 
R-(NheI)  ggaaGCTAGCgacggaagccttgcc 
fvnlp2 F-(ClaI)  ggttATCGATatgcaaaccaagtcgatccttgc 
R-(NheI)  aattGCTAGCggaggcagccttgtcc 
fvnlp3 F-(BstBI) ggaaTTCGAAatgaagtcttctatgctctac  
R-(NheI)  ggttGCTAGCtaactcctgctttacc 
fvnlp4 F-(ClaI)  ggaaATCGATatggccgcaactctcc 
R-(NheI)  ccttGCTAGCcatacggattgggcttac 
fvcdip1 F-(BstBI) ttccTTCGAAatggtccgcgcctcgatc 
R-(NheI)  aattGCTAGCgcaaatgttctgcttggcg 
Other Primers 
SMV-SeqPrimer F- aggaaatgggaagctcgtaaa 
R- agactgcaatgacacactctc 
SMV-RT ccaactgaggtgcttaatgtgctg 
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Table A.6. Primers used for qRT-PCR  
Target Primer Sequence (5’ to 3’) Amplicon size 
(bp)* 
Tm# 
(°C) 
Amplification 
Efficiencyv 
R2 
qFvEF1A F- GGGTAAGGAGGAGAAGACTCA 
R- CACCGCACTGGTAGATCAAG 
98 (205) 62.0 
62.0 
0.748 1.000 
qFvTox1 F- GGCCATGTTGGTTCTGTATTTG 
R- GCCAGGCAAAGAACTCGAT 
100 (150) 61.9 
62.3 
0.714 0.992 
qFvTox2 F- TTGCGCTATCTTGCCCTTTA 
R- GCTGATGCTCCTCGTGTTATAG 
127 61.9 
62.1 
0.960 0.982 
qFvCP1 F- GTCCTGGGATGCAAGATCAA 
R- GAGTCGATCTTGAGGAGGTAGA 
122 61.8 
61.9 
0.656 0.998 
qFvCP2 F- CTACAAGAAGCAGTCCGACATC 
R- CTTGCGGCCCTTGTACTC 
118 62.2 
62.1 
0.605 0.999 
qFvCP3 F- AAGGACGTCATCGAGACAAAG 
R- AGGGAGTCGAGGATGTTGTA 
137 61.8 
61.9 
0.667 0.997 
qFvCDIP1 F- ATGACTGGCTCTCCGTACTT 
R- GTTGGAGTTGGCAGCCTTAT 
129 62.4 
62.4 
0.790 0.980 
qFvNLP1 F- TCAACCATGATGCCGTTGT 
R- ACAGCCGTTGAAGACCTTTAG 
104 62.1 
62.1 
0.729 0.996 
qFvNLP2 F- CTGGTCACGGTAGCTACAAA 
R- GGCCAAGAGTGTCGGTAAA 
120 61.3 
61.6 
0.756 0.992 
qFvNLP3 F- CCCACTCAACCCAGAAGAAG 
R- GAAGTGGCCTTTGAGATCTAGG 
118 61.8 
61.9 
0.722 0.991 
qFvNLP4 F- AATGGTATCGCTCTCCGTTG 
R- ACCGTCCATCCGTCAAATC 
111 61.7 
61.7 
0.791 0.947 
qFvNIS1 F- TCGCCGACTCGTTCTATCT 
R- ACAGGATACCCTCACCCTT 
105 (161) 62.0 
61.7 
0.721 0.998 
qFvPKS1 F- CCTCTCTCCTGCGACAAATAAT 
R- AACGCAAGCCAGTCGATAG 
129 61.8 
61.9 
0.671 1.000 
qFvPKS2 F- CTCAAGCCTACAACTACCTCAC 
R- CTTCCGGTTTGGTGGATACATA 
108 61.7 
61.8 
0.869 1.000 
qFvPKS3 F- GCCACCAACCTCACGTATTA 
R- CCCTCGCTTGATCCAAAGAT 
95 61.7 
61.8 
0.630 0.994 
qFvPKS4 F- GGAGGGCTATGAGATGGAGATA 
R- GATGCCGAGAACGTCATCTT 
100 62.0 
61.9 
0.969 0.946 
qSMV-G7 
(Zhou et al, 2014) 
F- GCAGATGATTACACCATGGAGCAC 
R- GACTTGCGACCCATCCCTTTTGTG 
98 65.1 
67.2 
0.691 1.000 
qGmEF1B 
(Ma et al, 2013) 
F- CCACTGCTGAAGAAGATGATGATG 
R- AAGGACAGAAGACTTGCCACTC 
134 63.1 
63.9 
0.622 0.999 
* Number inside parenthesis indicates amplicon length with intron. 
# Tm of each primer was calculated by IDT Oligo Analyzer 3.1 with settings: 50 mM Na+, 3mM Mg2+, 1mM dNTP, and 200nM 
oligo. 
vAmplification efficiency was determined by using 24 hai cDNA. At least four replicates were included, and each replicate 
contains at least three concentration gradients.   
★
 qRT-PCR was measured by Agilent Mx3005P. Thermo cycle contains three segment: (1) 120 seconds at 50 °C; 120 seconds at 95 
°C; (2) 15 seconds at 95 °C; 60 seconds at 60 °C; (3) 60 seconds at 95 °C; 30 seconds at 55 °C; 30 seconds at 95 °C. Segment 2 
was repeat for 45 cycles. 
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Table A.7. Primers used in Δfvnis1 mutant construction 
Δfvnis1 mutant construction 
Up1K-F AGCGGAGAACACGGGTCAAGGGG 
Dn1K-R GTTTCGTGCAGCAGAGGACACGG 
UP-F GCTGCTGCTGAGGAGGACGAGGAGA 
UP-R gctccttcaatatcatcttctgGTTGGCGATGTTGATAGTAGGAG 
Dn-F cacttgtttagaggtaatccttctttAGGGGTATGAGATGGGACAGG 
Dn-R GCAGACCTTACGCCAACCAGCCAAGA 
TrpC-F cagaagatgatattgaaggagc 
TrpC-R aaagaaggattacctctaaacaagtg 
hyg-F GATGTAGGAGGGCGTGGATATGTCCT 
hyg-R GTATTGACCGATTCCTTGCGGTCCGAA 
Qhyg-F CTATCAGAGCTTGGTTGACGGC 
Qhyg-R TTCTGCGGGCGATTTGTGTA 
G418-F (ClaI) ggttATCGATatgattgaacaagatggattg 
G418-R (NheI) ggttGCTAGCtcagaagaatcgtcaag 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	
121	
 TA
B
L
E
 A
.8
. D
es
cr
ip
tio
ns
 o
f p
he
no
ty
pi
c 
da
ta
 o
f s
oy
be
an
 d
is
ea
se
s o
bt
ai
ne
d 
fr
om
 th
e 
U
SD
A
-A
R
S 
G
R
IN
 d
at
ab
as
e 
(w
w
w
.a
rs
-g
ri
n.
go
v)
 	
D
is
ea
se
 (A
cr
on
ym
) 
Pa
th
og
en
 
R
ac
e/
St
ra
in
 
Sa
m
pl
e 
Si
ze
 
SN
Ps
 
N
o.
 C
ov
ar
ia
nc
e#
 
Ph
en
ot
yp
ic
 sc
al
e 
(N
um
er
ic
 sc
al
e)
 
R
ef
er
en
ce
w
 
D
is
ea
se
s c
au
se
d 
by
 b
ac
te
ria
 
B
ac
te
ria
l p
us
tu
le
 (B
P)
 
Xa
nt
ho
m
on
as
 a
xo
no
po
di
s p
v.
 
gl
yc
in
es
 
– 
3,
17
3 
37
,6
59
 
3 
N
o 
le
si
on
s (
1)
, f
ew
 le
si
on
s (
2)
, m
od
er
at
e 
le
si
on
s (
3)
, n
um
er
ou
s l
es
io
ns
 (4
), 
an
d 
co
m
pl
et
e 
co
ve
ra
ge
 w
ith
 le
si
on
s (
5)
 
N
el
so
n,
R
. 
D
is
ea
se
s c
au
se
d 
by
 fu
ng
i o
r o
om
yc
et
es
 
B
ro
w
n 
st
em
 ro
t (
B
SR
)*
 
C
ad
op
ho
ra
 g
re
ga
ta
 
– 
60
8 
34
,4
24
 
2 
R
es
is
ta
nt
 (0
), 
m
od
er
at
el
y 
re
si
st
an
t (
1)
, 
an
d 
su
sc
ep
tib
le
 (2
) 
N
el
so
n 
et
 a
l. 
19
89
. 
B
ac
hm
an
 e
t a
l. 
19
97
. 
Pa
tz
ol
dt
 e
t a
l. 
20
03
. 
D
ia
po
rth
e 
st
em
 c
an
ke
r 
(D
SC
) 
D
ia
po
rt
he
 p
ha
se
ol
or
um
 v
ar
. 
ca
ul
iv
or
a 
– 
1,
42
6 
33
,5
49
 
1 
R
es
is
ta
nt
 (1
), 
m
od
er
at
el
y 
re
si
st
an
t (
2)
, 
in
te
rm
ed
ia
te
 (3
), 
m
od
er
at
el
y 
su
sc
ep
tib
le
 
(4
), 
an
d 
su
sc
ep
tib
le
 (5
) 
N
el
so
n,
 R
. 
D
ia
po
rt
he
 p
ha
se
ol
or
um
 v
ar
. 
m
er
id
io
na
lis
 
– 
11
2 
34
,2
10
 
1 
Fe
rr
ar
i d
e 
N
ov
oa
 a
nd
 
Sc
an
di
an
i. 
20
09
. 
Fr
og
ey
e 
le
af
 sp
ot
 
C
er
co
sp
or
a 
so
jin
a 
C
-3
2 
1,
33
2 
39
,9
35
 
N
S 
Se
ve
rit
y 
sc
al
e 
fo
rm
 (0
) t
o 
(6
) 
Y
an
g 
an
d 
W
ea
ve
r. 
20
01
. 
R
ac
e 
2 
1,
90
2 
32
,4
36
 
N
S 
Se
ve
rit
y 
sc
al
e 
fo
rm
 (1
) t
o 
(5
) 
N
el
so
n 
et
 a
l. 
19
87
. 
R
ac
e 
11
 
10
4 
38
,6
36
 
N
S 
R
es
is
ta
nt
 (0
), 
m
od
er
at
el
y 
re
si
st
an
t (
1)
, 
su
sc
ep
tib
le
 (2
), 
Fe
rr
ar
i d
e 
N
ov
oa
 e
t a
l. 
20
10
. 
– 
11
4 
38
,4
46
 
N
S 
Se
ve
rit
y 
sc
al
e 
fo
rm
 (1
) t
o 
(5
) 
N
el
so
n,
 R
. 
Ph
yt
op
ht
ho
ra
 ro
ot
 ro
t 
(P
R
R
) 
Ph
yt
op
ht
ho
ra
 so
ja
e 
R
ac
e 
1 
7,
43
1 
38
,2
57
 
14
 
R
es
is
ta
nt
 (0
), 
he
te
ro
ge
ne
ou
s (
1)
, a
nd
 
su
sc
ep
tib
le
 (2
) 
B
er
na
rd
 e
t a
l. 
19
98
. 
R
ac
e 
2 
32
8 
32
,8
05
 
2 
D
or
ra
nc
e 
et
 a
l. 
20
00
. 
R
ac
e 
3 
1,
92
6 
41
,9
11
 
3 
K
yl
e 
et
 a
l. 
19
98
. 
R
ac
e 
4 
93
5 
39
,5
49
 
3 
Pa
zd
er
ni
k 
et
 a
l. 
19
97
.  
R
ac
e 
5 
35
6 
39
,0
33
 
1 
N
el
so
n 
et
 a
l. 
19
87
. 
R
ac
e 
6 
11
5 
38
,0
71
 
1 
	
R
ac
e 
7 
1,
57
4 
41
,3
12
 
6 
	
R
ac
e 
8 
12
2 
34
,1
73
 
1 
	
	
122	
R
ac
e 
9 
83
 
32
,1
69
 
N
S 
	
R
ac
e 
10
 
23
6 
37
,1
55
 
1 
	
R
ac
e 
12
 
23
9 
28
,9
96
 
N
S 
	
R
ac
e 
17
 
1,
16
7 
41
,2
00
 
2 
	
R
ac
e 
20
 
24
1 
28
,8
54
 
N
S 
	
R
ac
e 
25
 
1,
47
4 
33
,5
12
 
1 
	
R
ac
e 
30
 
80
 
24
,4
90
 
N
S 
	
R
ac
e 
30
T 
16
6 
25
,6
28
 
1 
	
R
ac
e 
31
 
97
 
24
,7
05
 
2 
	
R
ac
e 
33
 
81
 
29
,9
93
 
N
S 
	
R
ac
e 
38
 
44
 
28
,6
58
 
N
S 
		
Py
th
iu
m
 ro
ot
 ro
t 
Py
th
iu
m
 sp
p.
 
– 
1,
06
5 
37
,6
04
 
N
S 
R
es
is
ta
nt
 (0
), 
he
te
ro
ge
ne
ou
s (
1)
, a
nd
 
su
sc
ep
tib
le
 (2
) 
B
er
na
rd
 e
t a
l. 
19
98
. 
Su
dd
en
 d
ea
th
 sy
nd
ro
m
e 
(S
D
S)
 
Fu
sa
ri
um
 v
ir
gu
lif
or
m
e 
– 
4,
77
1 
37
,9
91
 
2 
M
od
er
at
el
y 
re
si
st
an
t (
0)
, m
od
er
at
el
y 
su
sc
ep
tib
le
 (1
), 
an
d 
su
sc
ep
tib
le
 (2
) 
H
ar
tm
an
 e
t a
l. 
19
97
. 
M
ue
lle
r e
t a
l. 
20
02
. 
M
ue
lle
r e
t a
l. 
20
03
. 
So
yb
ea
n 
ru
st
 (S
B
R
) 
Ph
ak
op
so
ra
 p
ac
hy
rh
iz
i 
– 
2,
38
5 
38
,6
08
 
2 
R
ed
di
sh
 b
ro
w
n 
(0
), 
m
ix
ed
 (1
), 
an
d 
ta
n 
(2
) 
Fr
ed
er
ic
k 
et
 a
l. 
20
04
. 
N
S 
Le
af
 se
ve
rit
y 
ra
ng
in
g 
fr
om
 (1
) t
o 
(5
) 
M
ile
s e
t a
l. 
20
06
. 
D
is
ea
se
s c
au
se
d 
by
 n
em
at
od
es
 
R
en
ifo
rm
 n
em
at
od
e 
(R
N
) 
Ro
ty
le
nc
hu
lu
s r
en
ifo
rm
is
 
– 
79
 
35
,1
94
 
1 
R
es
is
ta
nt
 (0
), 
m
od
er
at
el
y 
su
sc
ep
tib
le
 (1
), 
an
d 
su
sc
ep
tib
le
 (2
) 
R
ob
bi
ns
 a
nd
 R
ak
es
. 
19
96
&
19
98
. 
So
yb
ea
n 
cy
st
 n
em
at
od
e 
(S
C
N
) 
H
et
er
od
er
a 
gl
yc
in
es
 
R
ac
e 
1 
90
2 
37
,7
76
 
4 
R
es
is
ta
nt
 (0
), 
m
od
er
at
el
y 
su
sc
ep
tib
le
 (1
), 
m
od
er
at
el
y 
su
sc
ep
tib
le
 (2
), 
an
d 
su
sc
ep
tib
le
 (3
) 
A
na
nd
 e
t a
l. 
19
88
. 
R
ac
e 
2 
13
8 
39
,8
74
 
N
S 
A
re
lli
 e
t a
l. 
19
97
&
20
00
. 
R
ac
e 
3 
9,
86
5 
39
,5
06
 
16
 
H
us
se
y 
et
 a
l. 
19
91
. 
R
ac
e 
4 
5,
33
5 
37
,9
64
 
N
S 
Y
ou
ng
 e
t a
l. 
19
90
&
19
95
. 
R
ac
e 
5 
9,
35
3 
39
,5
24
 
8 
	
R
ac
e 
14
 
2,
09
7 
39
,5
06
 
N
S 
		
T
A
B
L
E
 A
.8
. (
C
on
t.)
 
	
123	
D
is
ea
se
s c
au
se
d 
by
 v
iru
se
s 
Be
an
 p
od
 m
ot
tle
 v
ir
us
 (B
PM
V
) 
– 
48
1 
38
,0
70
 
3 
To
le
ra
nt
 (0
) a
nd
 su
sc
ep
tib
le
 (1
) 
W
an
g 
et
 a
l. 
20
05
.  
Zh
en
g 
e 
al
. 2
00
5.
 
Pe
an
ut
 m
ot
tle
 v
ir
us
 (P
M
V
) 
– 
1,
59
1 
37
,4
14
 
4 
R
es
is
ta
nt
 (0
) a
nd
 su
sc
ep
tib
le
 (1
) 
Sh
ip
e 
et
 a
l. 
19
79
. 
So
yb
ea
n 
m
os
ai
c 
vi
ru
s (
SM
V
) 
G
1 
22
1 
35
,3
57
 
1 
R
es
is
ta
nt
 (0
), 
in
te
rm
ed
ia
te
 ty
pe
s i
nc
lu
di
ng
 
re
si
st
an
t a
t t
he
 e
ar
ly
 se
ed
lin
g 
st
ag
e 
bu
t 
m
os
ai
c 
la
te
r, 
m
ix
tu
re
 o
f n
ec
ro
tic
 a
nd
 
re
si
st
an
t p
la
nt
s, 
m
ix
tu
re
 o
f r
es
is
ta
nt
 a
nd
 
ea
rly
 re
si
st
an
t p
la
nt
s, 
an
d 
m
ix
tu
re
 o
f 
su
sc
ep
tib
le
 a
nd
 re
si
st
an
t p
la
nt
s (
1)
, a
nd
 
ne
cr
os
is
 a
nd
 su
sc
ep
tib
le
 (2
) 
C
ho
 a
nd
 G
oo
dm
an
. 1
98
2.
 
G
2 
10
1 
38
,3
04
 
1 
Ju
vi
k 
et
 a
l. 
19
89
. 
G
3 
22
1 
37
,9
91
 
1 
Li
 e
t a
l. 
20
10
. 
G
4 
26
 
33
,9
65
 
N
S 
	
G
5 
10
1 
38
,3
04
 
N
S 
	
G
6 
22
1 
39
,2
14
 
N
S 
	
G
7 
22
1 
35
,3
57
 
1 
	
So
ja
 v
iru
s 1
 
10
5 
34
,1
97
 
N
S 
Se
ve
rit
y 
sc
al
e 
fr
om
 (0
) t
o 
(5
) 
		
*P
Is
 b
el
on
g 
to
 u
nc
er
ta
in
ty
 o
f s
us
ce
pt
ib
ili
ty
 in
 fi
le
d 
te
st
s 
w
er
e 
ex
cl
ud
ed
 in
 th
is
 st
ud
y.
 
	
	
	
	
	
#N
um
be
r o
f c
ov
ar
ia
nc
e 
in
cl
ud
ed
 in
 th
e 
G
W
A
S 
m
od
el
, w
hi
ch
 e
qu
al
s t
o 
nu
m
be
rs
 o
f 
si
gn
ifi
ca
nt
 S
N
Ps
. N
S:
 N
o 
si
gn
ifi
ca
nc
e.
 
	
	
w
C
on
si
de
rin
g 
th
e 
le
ng
th
 o
f c
ita
tio
n,
 th
es
e 
re
fe
re
nc
es
 w
er
e 
no
t i
nc
lu
de
d 
in
 R
ef
er
en
ce
 se
ct
io
n 
of
 th
e 
m
an
us
cr
ip
t. 
D
et
ai
l 
in
fo
rm
at
io
n 
co
ul
d 
be
 fo
un
d 
in
 th
e 
U
SD
A
-A
R
S 
G
R
IN
 d
at
ab
as
e.
  
 
	
   T
A
B
L
E
 A
.8
. (
C
on
t.)
 
	
124	
T
A
B
L
E
 A
.9
. S
ig
ni
fic
an
t S
N
Ps
 fo
r 
so
yb
ea
n 
di
se
as
es
 
	
	
	
	
D
is
ea
se
 
ss
_i
d 
C
hr
 
Po
si
tio
nv
 
M
A
F 
L
D
 (K
b)
 
P 
va
lu
e 
FD
R
-a
dj
us
te
d 
P 
va
lu
e 
Is
ol
at
e/
St
ra
in
 
D
is
ta
nc
e 
to
 th
e 
ne
ar
es
t g
en
ev
 
D
is
ea
se
s c
au
se
d 
by
 b
ac
te
ria
 
B
P 
ss
71
55
80
34
2 
1 
52
,2
49
,4
79
 
0.
33
 
16
0.
06
 
8.
41
 x
 1
0-
08
 
1.
87
 x
 1
0-
03
 
 
W
ith
in
 G
ly
m
a0
1g
40
53
1 
B
P 
ss
71
56
09
40
4 
11
 
16
,9
92
,6
22
 
0.
01
 
21
8.
79
 
1.
39
 x
 1
0-
07
 
2.
51
 x
 1
0-
03
 
  
6.
1K
b 
fr
om
 G
ly
m
a1
1g
20
18
0 
B
P 
ss
71
56
28
13
3 
17
 
7,
30
7,
48
6 
0.
03
 
12
9.
71
 
2.
41
 x
 1
0-
07
 
9.
08
 x
 1
0-
03
 
  
W
ith
in
 G
ly
m
a1
7g
09
80
1#
 
D
is
ea
se
s c
au
se
d 
by
 fu
ng
i a
nd
 o
om
yc
et
es
 
B
SR
 
ss
71
55
87
04
3 
4 
10
,4
87
,4
48
 
0.
08
 
99
.6
6 
1.
25
 x
 1
0-
08
 
1.
43
 x
 1
0-
04
 
 
10
8K
b 
fr
om
 G
ly
m
a0
4g
11
77
6 
B
SR
 
ss
71
56
24
57
3 
16
 
32
,5
17
,9
34
 
0.
47
 
95
.1
1 
3.
30
 x
 1
0-
06
 
1.
28
 x
 1
0-
02
 
  
W
ith
in
 G
ly
m
a1
6g
28
60
5 
D
SC
 
ss
71
56
17
86
9 
14
 
1,
73
0,
04
4 
0.
28
 
11
4.
37
 
1.
55
 x
 1
0-
64
 
3.
95
 x
 1
0-
60
 
 D
pc
 
W
ith
in
 G
ly
m
a1
4g
02
74
0 
D
SC
 
ss
71
56
17
95
1 
14
 
1,
94
2,
68
1 
0.
35
 
11
4.
37
 
1.
55
 x
 1
0-
10
 
2.
84
 x
 1
0-
06
 
 D
pm
 
W
ith
in
 G
ly
m
a1
4g
03
07
1 
PR
R
 
ss
71
55
85
49
3 
3 
3,
66
7,
59
4 
0.
11
 
13
.4
5 
1.
51
 x
 1
0-
14
 
5.
24
 x
 1
0-
10
 
R
ac
e1
 
2.
7K
b 
fr
om
 G
ly
m
a0
3g
03
81
5*
 
PR
R
 
ss
71
55
85
63
3 
3 
3,
77
7,
35
6 
0.
45
 
14
.0
5 
5.
78
 x
 1
0-
09
 
2.
00
 x
 1
0-
05
 
R
ac
e1
 
8.
1K
b 
fr
om
 G
ly
m
a0
3g
03
87
0 
PR
R
 
ss
71
55
85
71
0 
3 
3,
82
8,
73
5 
0.
46
 
13
.9
4 
3.
09
 x
 1
0-
07
 
1.
07
 x
 1
0-
02
 
R
ac
e1
 
W
ith
in
 G
ly
m
a0
3g
03
92
0 
PR
R
 
ss
71
55
85
72
9 
3 
3,
84
6,
21
4 
0.
14
 
13
.6
2 
2.
08
 x
 1
0-
08
 
3.
13
 x
 1
0-
04
 
R
ac
e7
 
7.
1K
b 
fr
om
 G
ly
m
a0
3g
03
93
0 
PR
R
 
ss
71
55
85
73
1 
3 
3,
84
6,
97
2 
0.
26
 
13
.6
2 
5.
12
 x
 1
0-
09
 
1.
77
 x
 1
0-
04
 
R
ac
e1
 
7.
8K
b 
fr
om
 G
ly
m
a0
3g
03
93
0 
PR
R
 
ss
71
55
85
74
0 
3 
3,
85
4,
06
3 
0.
45
 
13
.6
2 
1.
16
 x
 1
0-
07
 
2.
97
 x
 1
0-
03
 
R
ac
e3
0T
 
11
.5
K
b 
fr
om
 G
ly
m
a0
3g
03
95
0 
PR
R
 
ss
71
55
85
76
8 
3 
3,
88
9,
59
8 
0.
08
 
13
.6
6 
3.
99
 x
 1
0-
18
 
1.
38
 x
 1
0-
13
 
R
ac
e1
 
6.
2K
b 
fr
om
 G
ly
m
a0
3g
03
96
5 
PR
R
 
ss
71
55
85
79
7 
3 
3,
93
4,
90
2 
0.
17
 
13
.5
8 
5.
74
 x
 1
0-
30
 
2.
20
 x
 1
0-
25
 
R
ac
e1
, 2
 
2.
3K
b 
fr
om
 G
ly
m
a0
3g
03
99
0 
PR
R
 
ss
71
55
85
80
5 
3 
3,
93
6,
10
5 
0.
07
 
13
.5
8 
8.
11
 x
 1
0-
07
 
2.
75
 x
 1
0-
02
 
R
ac
e7
 
3.
5K
b 
fr
om
 G
ly
m
a0
3g
03
99
0 
PR
R
 
ss
71
55
85
82
3 
3 
3,
95
1,
00
6 
0.
07
 
13
.5
0 
5.
85
 x
 1
0-
08
 
2.
19
 x
 1
0-
03
 
R
ac
e3
 
W
ith
in
 G
ly
m
a0
3g
04
00
0 
PR
R
 
ss
71
55
85
84
7 
3 
3,
97
0,
57
5 
0.
46
 
13
.5
4 
4.
21
 x
 1
0-
18
 
1.
57
 x
 1
0-
13
 
R
ac
e3
, 4
, 5
, 7
 
W
ith
in
 G
ly
m
a0
3g
04
02
0*
 
PR
R
 
ss
71
55
86
32
0 
3 
4,
46
7,
35
0 
0.
47
 
4.
96
 
2.
67
 x
 1
0-
17
 
7.
48
 x
 1
0-
13
 
R
ac
e3
, 7
, 1
0 
W
ith
in
 G
ly
m
a0
3g
04
34
0*
 
PR
R
 
ss
71
55
86
33
3 
3 
4,
48
0,
43
4 
0.
2 
4.
96
 
1.
55
 x
 1
0-
15
 
5.
37
 x
 1
0-
11
 
R
ac
e1
 
W
ith
in
 G
ly
m
a0
3g
04
36
1 
PR
R
 
ss
71
55
86
34
6 
3 
4,
48
7,
13
8 
0.
46
 
4.
72
 
3.
65
 x
 1
0-
22
 
1.
55
 x
 1
0-
17
 
R
ac
e1
7 
W
ith
in
 G
ly
m
a0
3g
04
37
0 
PR
R
 
ss
71
55
86
37
6 
3 
4,
50
6,
32
7 
0.
33
 
4.
72
 
1.
02
 x
 1
0-
21
 
4.
32
 x
 1
0-
17
 
R
ac
e7
 
1.
9K
b 
fr
om
 G
ly
m
a0
3g
04
39
0 
PR
R
 
ss
71
55
86
40
8 
3 
4,
53
0,
65
9 
0.
15
 
4.
72
 
9.
58
 x
 1
0-
13
 
3.
25
 x
 1
0-
08
 
R
ac
e1
, 6
, 7
, 8
, 
17
 
W
ith
in
 G
ly
m
a0
3g
04
41
0#
 
PR
R
 
ss
71
55
86
44
3 
3 
4,
57
6,
49
3 
0.
09
 
4.
72
 
8.
55
 x
 1
0-
08
 
5.
14
 x
 1
0-
04
 
R
ac
e2
 
9.
1K
b 
fr
om
 G
ly
m
a0
3g
04
43
1 
PR
R
 
ss
71
55
86
68
4 
3 
4,
82
1,
30
7 
0.
35
 
12
.4
7 
5.
72
 x
 1
0-
08
 
1.
42
 x
 1
0-
03
 
R
ac
e1
 
7.
9K
b 
fr
om
 G
ly
m
a0
3g
04
64
0 
	
125	
PR
R
 
ss
71
55
86
70
2 
3 
4,
90
0,
49
2 
0.
17
 
12
.2
6 
1.
28
 x
 1
0-
08
 
4.
20
 x
 1
0-
02
 
R
ac
e4
 
3.
1K
b 
fr
om
 G
ly
m
a0
3g
04
70
0 
PR
R
 
ss
71
56
14
85
0 
13
 
28
,5
59
,9
88
 
0.
22
 
79
.7
5 
1.
90
 x
 1
0-
12
 
2.
40
 x
 1
0-
08
 
R
ac
e3
1 
4.
5K
b 
fr
om
 G
ly
m
a1
3g
25
31
0 
PR
R
 
ss
71
56
14
91
1 
13
 
28
,8
80
,8
49
 
0.
35
 
75
.5
4 
2.
72
 x
 1
0-
08
 
8.
58
 x
 1
0-
04
 
R
ac
e1
 
W
ith
in
 G
ly
m
a1
3g
25
66
0 
PR
R
 
ss
71
56
14
93
0 
13
 
28
,9
75
,2
72
 
0.
44
 
71
.7
7 
3.
84
 x
 1
0-
07
 
1.
29
 x
 1
0-
02
 
R
ac
e2
5 
W
ith
in
 G
ly
m
a1
3g
25
75
0*
 
PR
R
 
ss
71
56
14
95
2 
13
 
29
,1
01
,0
69
 
0.
25
 
66
.8
0 
1.
08
 x
 1
0-
06
 
2.
38
 x
 1
0-
02
 
R
ac
e1
 
W
ith
in
 G
ly
m
a1
3g
25
87
0 
PR
R
 
ss
71
56
15
27
9 
13
 
31
,0
89
,5
23
 
0.
23
 
12
6.
23
 
5.
69
 x
 1
0-
07
 
3.
85
 x
 1
0-
03
 
R
ac
e3
1 
W
ith
in
 G
ly
m
a1
3g
27
98
0 
PR
R
 
ss
71
56
32
31
7 
18
 
60
,6
05
,2
15
 
0.
36
 
35
.7
9 
4.
06
 x
 1
0-
10
 
1.
72
 x
 1
0-
05
 
R
ac
e4
 
2.
1K
b 
fr
om
 G
ly
m
a1
8g
51
85
0 
PR
R
 
ss
71
56
32
32
5 
18
 
60
,6
51
,8
79
 
0.
07
 
35
.8
4 
6.
98
 x
 1
0-
09
 
2.
42
 x
 1
0-
04
 
R
ac
e1
 
W
ith
in
 G
ly
m
a1
8g
51
89
0 
PR
R
 
ss
71
56
32
33
1 
18
 
60
,6
80
,5
79
 
0.
26
 
35
.3
7 
2.
53
 x
 1
0-
08
 
8.
77
 x
 1
0-
04
 
R
ac
e1
 
W
ith
in
 G
ly
m
a1
8g
51
92
0 
PR
R
 
ss
71
56
32
33
6 
18
 
60
,7
13
,7
65
 
0.
34
 
34
.6
9 
7.
53
 x
 1
0-
13
 
2.
01
 x
 1
0-
08
 
R
ac
e1
, 2
5 
W
ith
in
 G
ly
m
a1
8g
51
97
0 
SD
S 
ss
71
56
03
09
6 
9 
1,
52
7,
21
8 
0.
01
 
91
.6
3 
2.
69
 x
 1
0-
07
 
1.
02
 x
 1
0-
02
 
 
W
ith
in
 G
ly
m
a0
9g
02
31
0 
SD
S 
ss
71
56
09
07
6 
11
 
14
,6
76
,3
30
 
0.
01
 
57
8.
39
 
5.
78
 x
 1
0-
07
 
1.
62
 x
 1
0-
02
 
  
5.
5K
b 
fr
om
 G
ly
m
a1
1g
18
14
1 
SB
R
 
ss
71
56
20
25
9 
15
 
10
,8
49
,6
88
 
0.
03
 
15
9.
51
 
4.
10
 x
 1
0-
07
 
1.
58
 x
 1
0-
02
 
 
1.
2K
b 
fr
om
 G
ly
m
a1
5g
14
37
1 
SB
R
 
ss
71
56
32
29
0 
18
 
60
,3
80
,7
82
 
0.
09
 
40
.7
9 
1.
34
 x
 1
0-
21
 
5.
19
 x
 1
0-
17
 
  
0.
6K
b 
fr
om
 G
ly
m
a1
8g
51
52
0*
 
D
is
ea
se
s c
au
se
d 
by
 n
em
at
od
es
 
R
N
 
ss
71
56
06
98
5 
10
 
40
,1
13
,2
01
 
0.
44
 
12
7.
76
 
6.
90
 x
 1
0-
07
 
2.
42
 x
 1
0-
02
 
  
2.
4K
b 
fr
om
 G
ly
m
a1
0g
31
61
0 
SC
N
 
ss
71
55
85
93
0 
3 
40
,4
94
,5
56
 
0.
19
 
10
6.
76
 
9.
10
 x
 1
0-
09
 
2.
48
 x
 1
0-
04
 
R
ac
e3
 
W
ith
in
 G
ly
m
a0
3g
32
71
0 
SC
N
 
ss
71
55
87
14
4 
4 
1,
40
5,
11
8 
0.
01
 
29
4.
32
 
2.
72
 x
 1
0-
11
 
1.
07
 x
 1
0-
06
 
R
ac
e5
 
W
ith
in
 G
ly
m
a0
4g
02
03
0 
SC
N
 
ss
71
55
96
41
8 
7 
15
,4
60
,6
38
 
0.
08
 
43
6.
13
 
6.
45
 x
 1
0-
10
 
1.
36
 x
 1
0-
05
 
R
ac
e1
 
1.
0K
b 
fr
om
 G
ly
m
a0
7g
15
73
7 
SC
N
 
ss
71
55
97
06
3 
7 
29
,6
48
,4
59
 
0.
02
 
37
0.
88
 
5.
44
 x
 1
0-
17
 
2.
15
 x
 1
0-
12
 
R
ac
e3
, 5
 
W
ith
in
 G
ly
m
a0
7g
26
83
1 
SC
N
 
ss
71
55
97
38
7 
7 
36
,2
70
,2
91
 
0.
04
 
19
3.
63
 
9.
40
 x
 1
0-
07
 
2.
26
 x
 1
0-
02
 
R
ac
e5
 
3.
5K
b 
fr
om
 G
ly
m
a0
7g
31
27
0 
SC
N
 
ss
71
56
04
89
5 
9 
45
,2
91
,5
53
 
0.
05
 
24
2.
08
 
9.
92
 x
 1
0-
14
 
3.
92
 x
 1
0-
09
 
R
ac
e3
 
W
ith
in
 G
ly
m
a0
9g
40
35
3 
SC
N
 
ss
71
56
08
71
1 
10
 
9,
57
5,
15
0 
0.
29
 
72
8.
81
 
1.
82
 x
 1
0-
06
 
2.
74
 x
 1
0-
02
 
R
ac
e3
 
1.
2K
b 
fr
om
 G
ly
m
a1
0g
10
04
0 
SC
N
 
ss
71
56
06
98
5 
10
 
40
,1
13
,2
01
 
0.
02
 
11
3.
08
 
1.
12
 x
 1
0-
39
 
4.
43
 x
 1
0-
35
 
R
ac
e3
, 5
 
2.
4K
b 
fr
om
 G
ly
m
a1
0g
31
61
0 
SC
N
 
ss
71
56
07
37
1 
10
 
43
,8
12
,2
12
 
0.
03
 
13
3.
90
 
9.
03
 x
 1
0-
10
 
2.
57
 x
 1
0-
05
 
R
av
e5
 
W
ith
in
 G
ly
m
a1
0g
35
56
0 
SC
N
 
ss
71
56
10
29
7 
11
 
36
,7
01
,6
56
 
0.
03
 
10
8.
67
 
1.
93
 x
 1
0-
09
 
7.
64
 x
 1
0-
05
 
R
ac
e3
 
0.
8K
b 
fr
om
 G
ly
m
a1
1g
34
96
1 
SC
N
 
ss
71
56
14
44
1 
13
 
26
,1
15
,0
98
 
0.
05
 
10
9.
22
 
1.
52
 x
 1
0-
07
 
5.
76
 x
 1
0-
03
 
R
ac
e1
 
7.
5K
b 
fr
om
 G
ly
m
a1
3g
22
63
1 
SC
N
 
ss
71
56
14
67
9 
13
 
27
,4
66
,4
37
 
0.
06
 
89
.6
1 
5.
16
 x
 1
0-
11
 
2.
04
 x
 1
0-
06
 
R
ac
e3
 
1.
6K
b 
fr
om
 G
ly
m
a1
3g
24
14
0 
SC
N
 
ss
71
56
14
68
3 
13
 
27
,4
80
,0
44
 
0.
09
 
89
.5
1 
1.
64
 x
 1
0-
07
 
3.
93
 x
 1
0-
03
 
R
ac
e3
 
W
ith
in
 G
ly
m
a1
3g
24
15
0 
 
SC
N
 
ss
71
56
19
56
0 
14
 
49
,3
13
,1
52
 
0.
11
 
63
.6
5 
2.
19
 x
 1
0-
06
 
3.
94
 x
 1
0-
02
 
R
ac
e3
 
2.
0K
b 
fr
om
 G
ly
m
a1
4g
40
36
0 
T
A
B
L
E
 A
.9
. (
C
on
t.)
 
	
126	
SC
N
 
ss
71
56
22
29
0 
15
 
47
,2
26
,9
32
 
0.
02
 
14
5.
91
 
2.
09
 x
 1
0-
08
 
3.
27
 x
 1
0-
04
 
R
ac
e5
 
5.
7K
b 
fr
om
 G
ly
m
a1
5g
40
26
0 
SC
N
 
ss
71
56
32
60
7 
18
 
71
3,
06
2 
0.
06
 
47
.2
5 
7.
34
 x
 1
0-
10
 
2.
90
 x
 1
0-
05
 
R
ac
e1
, 3
 
W
ith
in
 G
ly
m
a1
8g
01
36
0 
SC
N
 
ss
71
56
32
75
0 
18
 
82
1,
70
8 
0.
07
 
47
.2
5 
3.
46
 x
 1
0-
15
 
1.
37
 x
 1
0-
10
 
R
ac
e1
, 3
 
0.
5K
b 
fr
om
 G
ly
m
a1
8g
01
51
0 
SC
N
 
ss
71
56
28
78
6 
18
 
1,
28
6,
52
7 
0.
11
 
47
.2
5 
3.
06
 x
 1
0-
08
 
1.
21
 x
 1
0-
03
 
R
ac
e3
 
W
ith
in
 G
ly
m
a1
8g
02
14
0 
SC
N
 
ss
71
56
29
30
8 
18
 
1,
73
3,
56
1 
0.
02
 
47
.2
5 
1.
60
 x
 1
0-
07
 
6.
31
 x
 1
0-
03
 
R
ac
e5
 
0.
5K
b 
fr
om
 G
ly
m
a1
8g
02
70
0 
SC
N
 
ss
71
56
29
91
4 
18
 
2,
15
8,
24
8 
0.
22
 
47
.2
5 
6.
05
 x
 1
0-
11
 
2.
14
 x
 1
0-
06
 
R
ac
e3
 
W
ith
in
 G
ly
m
a1
8g
03
24
0 
SC
N
 
ss
71
56
30
29
4 
18
 
3,
32
1,
82
6 
0.
09
 
41
.2
2 
3.
41
 x
 1
0-
07
 
1.
35
 x
 1
0-
02
 
R
ac
e3
 
W
ith
in
 G
ly
m
a1
8g
04
54
0 
SC
N
 
ss
71
56
28
44
4 
18
 
10
,5
57
,8
46
 
0.
06
 
51
3.
77
 
1.
18
 x
 1
0-
06
 
2.
85
 x
 1
0-
02
 
R
ac
e1
 
5.
8K
b 
fr
om
 G
ly
m
a1
8g
11
79
0 
SC
N
 
ss
71
56
33
07
8 
19
 
1,
19
4,
15
9 
0.
1 
16
0.
6 
1.
51
 x
 1
0-
10
 
5.
96
 x
 1
0-
06
 
R
ac
e5
 
W
ith
in
 G
ly
m
a1
9g
01
58
0 
SC
N
 
ss
71
56
37
10
7 
20
 
2,
61
4,
80
7 
0.
07
 
86
.2
8 
3.
31
 x
 1
0-
06
 
4.
52
 x
 1
0-
02
 
R
ac
e3
 
W
ith
in
 G
ly
m
a2
0g
02
91
0 
SC
N
 
ss
71
56
38
40
9 
20
 
42
,1
20
,0
94
 
0.
05
 
14
7.
67
 
1.
03
 x
 1
0-
06
 
2.
07
 x
 1
0-
02
 
R
ac
e3
 
W
ith
in
 G
ly
m
a2
0g
33
53
1*
 
D
is
ea
se
s c
au
se
d 
by
 v
iru
se
s 
B
PM
V
 
ss
71
55
81
91
2 
2 
33
,7
59
,6
35
 
0.
06
 
64
5.
66
 
4.
86
 x
 1
0-
10
w
 
5.
70
 x
 1
0-
07
w
 
 
13
.1
K
b 
fr
om
 G
ly
m
a0
2g
31
11
0#
 
B
PM
V
 
ss
71
55
96
67
2 
7 
17
,5
75
,0
61
 
0.
09
 
13
4.
16
 
3.
76
 x
 1
0-
08
w
 
3.
02
 x
 1
0-
06
w
 
  
9.
5K
b 
fr
om
 G
ly
m
a0
7g
17
76
5*
 
B
PM
V
 
ss
71
56
03
08
9 
9 
15
1,
31
4 
0.
07
 
99
.8
3 
6.
36
 x
 1
0-
08
w
 
1.
90
 x
 1
0-
05
w
 
  
W
ith
in
 G
ly
m
a0
9g
00
43
0 
PM
V
 
ss
71
55
78
58
9 
1 
1,
67
4,
56
2 
0.
05
 
14
5.
83
 
1.
46
 x
 1
0-
04
w
 
2.
98
 x
 1
0-
02
w
 
  
1.
0K
b 
fr
om
 G
ly
m
a0
1g
02
17
1 
PM
V
 
ss
71
55
86
83
1 
3 
5,
43
0,
24
9 
0.
07
 
30
.0
2 
8.
84
 x
 1
0-
07
w
 
1.
34
 x
 1
0-
03
w
 
 
4.
5K
b 
fr
om
 G
ly
m
a0
3g
05
13
5 
PM
V
 
ss
71
56
13
48
3 
12
 
7,
76
9,
65
6 
0.
11
 
16
8.
09
 
1.
75
 x
 1
0-
06
w
 
8.
15
 x
 1
0-
04
w
 
  
5.
3K
b 
fr
om
 G
ly
m
a1
2g
09
99
0#
 
PM
V
 
ss
71
56
14
80
3 
13
 
28
,2
66
,5
87
 
0.
11
 
10
4.
58
 
2.
16
 x
 1
0-
07
w
 
5.
96
 x
 1
0-
05
w
 
  
2.
6K
b 
fr
om
 G
ly
m
a1
3g
24
97
0 
SM
V
 
ss
71
56
14
88
9 
13
 
28
,7
41
,9
83
 
0.
21
 
85
.8
1 
7.
32
 x
 1
0-
20
 
3.
11
 x
 1
0-
15
 
G
1,
 G
2,
 G
3 
1.
3K
b 
fr
om
 G
ly
m
a1
3g
25
49
7 
SM
V
 
ss
71
56
19
35
3 
14
 
47
,7
09
,7
38
 
0.
27
 
91
.5
1 
5.
60
 x
 1
0-
07
 
1.
98
 x
 1
0-
02
 
G
7 
9.
8K
b 
fr
om
 G
ly
m
a1
4g
38
57
0 
v
Po
si
tio
ns
 b
as
ed
 o
n 
G
ly
m
a.
a1
.v
1.
1 
	
	
	
	
	
	
w
P 
va
lu
e 
ba
se
d 
on
 F
irt
h'
s l
og
is
tic
 re
gr
es
si
on
 
	
	
	
	
	
*L
R
R
-d
om
ai
n 
co
nt
ai
ni
ng
 g
en
e 
	
	
	
	
	
	
	
#R
LK
 g
en
es
 
	
	
	
	
	
	
	
	
 T
A
B
L
E
 A
.9
. (
C
on
t.)
 
	 127	
 
Fig. A.1. Typical SDS foliar symptoms. Typical SDS foliar symptoms on soybean plants in the 
field. These symptoms generally start after flowering and continue through pod fill. Leaves with 
severe symptoms often abscise from the petioles with the petioles remaining attached. 
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Fig. A.2. Quantitative detection of candidate phytotoxin gene expression in planta. The 
expression of all candidate phytotoxins was detectable at six time points. The expression of each 
phytotoxin was normalized to the expression at 0 ha. While y-axis represents expression fold 
(log10), x-axis indicates the time point (hai) for all figures. * indicates p < 0.01, ** indicates p < 
0.001. A, Compared to the previously reported phytotoxic effectors, FvTox1 and FvTox2, the 
expression of FvNIS1 increased over the infection time frame. B, While FvCP2 and FvCP3 were 
generally down regulated, FvCP1 and FvCDIP1 were generally up regulated. C, The expression 
of FvNLP2 and FvNLP3 were significantly enhanced duringg to the infection time frame. D, 
Genes involved in synthesizing metabolic phytotoxins. 
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Fig. A.3. Phylogenetic analysis for NRPS of F. virguliforme.  Most results were not 
informative for predicting final products. Many NRPS formed an individual clade or scattered 
with other branches with low bootstrap values. One NRPS, fvnrps1, achieved high bootstrap 
values that were similar to Aspergillus fumigatus and A. nidulans sidC gene but their products 
were predicted to be siderophores. The maximum-likelihood optimality criterion: BIC: 
39801.588; AICc: 38805.015; and lnL: -19265.978. Bootstrap support values are given at nodes. 
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Fig. A.4. Target gene knockout of fvnis1. A, Split-marker approach for target gene knockout in 
F. virguliforme. B, PCR product amplified by primer UP1K-F and Dn1K-R. C, PCR product 
amplified by primer fvnis1-F and fvnis1-R. D, PCR product amplified by primer hyg-F and hyg-
R. E, PCR product amplified by primer G418-F and G418-R. F, Colony morphology of F. 
virguliforme WT, Δfvnis1 mutants, and fvnis1 complementation strains displayed no difference. 
G, Growth rate of F. virguliforme WT, Δfvnis1 mutants, and fvnis1 complementation strains was 
not different. H, Sporulation of F. virguliforme WT, Δfvnis1 mutants, and fvnis1 
complementation strains was not different. 
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Fig. A.6. Severity of SDS foliar symptoms. A, Grading rules and descriptions: [0] Healthy leaf; 
[2] Leaf with mild chlorosis; [4] Leaf with mild interveinal chlorosis but no necrosis; [6] Leaf 
with clear interveinal chlorosis and might have necrosis spots or marginal necrosis; [8] Leaf with 
clear interveinal chlorosis and necrosis, and might have marginal curling; [10] Leaf with clear 
interveinal chlorosis, necrosis, and severe marginal curling. B, Culture filtrate phytotoxicity 
evaluation before extracting mycelial RNA. Susceptible cultivars, Essex and Spencer, were used 
to confirm the phytotoxicity through stem-cutting assay. Means of severity grading and standard 
errors of sample means were displayed below each group. 	
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Fig. A.7. Manhattan and LD plot for SNP (ss715580342) associated with BP on Chr 1. (A) 
Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) ss715580342 locates within Glyma01g40531 (green circle), and two LRR-RLK 
genes were found in the LD region (yellow circle). 
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Fig. A.8. Manhattan and LD plot for SNP (ss715609404) associated with BP on Chr 11. (A) 
Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) One LRR-RLK gene was found in the LD region (yellow circle). 
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Fig. A.9. Manhattan and LD plot for SNP (ss715587043) associated with BSR on Chr 4. (A) 
Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) Genes locate between 9,763,000 to 10,563,000 bp. 
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Fig. A.10. Manhattan and LD plot for SNP (ss715632336) associated with PRR on Chr 18. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) Genes locate between 60,620,000 to 60,820,000 bp. ss715632325 locates within 
Glyma18g51890, ss715632331 locates within Glyma18g51920, and ss715632336 locates within 
GLyma18g51970 (green circles). Although none of these are LRR-domain genes, four LRR-
RLK were found in the LD region (yellow circles). 
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Fig. A.11. Manhattan and LD plot for SNP (ss715609076) associated with SDS on Chr 11. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) Genes locate between 14,340,000 to 14,740,000 bp. An LRR-domain gene was 
found in the LD region (yellow circle). 
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Fig. A.12. Manhattan and LD plot for SNP (ss715620259) associated with SBR on Chr 15. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) Genes locate between 10,659,000 to 10,859,000 bp. Two LRR-RLKs were found 
in the LD region (yellow circle). 
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Fig. A.13. Manhattan and LD plot for SNP (ss715596672) associated with BPMV on Chr 7. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) Two LRR-RLKs were found in the LD region (yellow circles). 
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Fig. A.14. Manhattan and LD plot for SNP (ss715603089) associated with BPMV on Chr 9. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) ss715603089 locates within Glyma09g00430 (green circle) and one LRR-RLK was 
found in the LD region (yellow circle). 
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Fig. A.15. Manhattan and LD plot for SNP (ss715578589) associated with PMV on Chr 1. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) There was no LRR-domain gene in between 1,611,000 to 1,811,000 bp. 
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Fig. A.16. Manhattan and LD plot for SNP (ss715613483) associated with PMV on Chr 12. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) One LRR-RLK gene was found in LD region. 
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Fig. A.17. Manhattan and LD plot for SNP (ss715614803) associated with PMV on Chr 13. 
(A) Lines follow the left axis, which shows the original p values for each SNP (each line). The 
colored lines indicate SNPs below 5% FDR. The grey lines indicate SNPs above 5% FDR. The 
horizontal dash line indicates the minimum significant p value at 5% FDR. Dots follow right 
axis, which shows the LD (r2) for each SNP corresponding to the most significant SNP (red 
triangle). (B) One LRR-RLK gene was found in LD region. 
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Fig. A.18. Genome wide association study of significant single nucleotide polymorphisms 
(SNPs) to sudden death syndrome (SDS). Red points indicate the covariates included in the 
GWAS (ss715603096 and ss715609076). Light blue points indicate SNPs with a minor allele 
frequency (MAF) above 0.002 but below 0.005 (meaning alleles exist in about 10 to 20 PIs in the 
population). Blue points indicate SNPs with a MAF above 0.005 but below 0.01 (meaning alleles 
exist in about 20 to 48 PIs in the population). Dark blue indicate SNPs with MAFs above 0.01 
(meaning alleles exist in more than 47 PIs in the population). (A) Quantile-quantile plot (QQ 
plot) and Manhattan plot of the GWAS using MAF 0.002 as a cutoff, meaning alleles that exist 
in less than 10 PIs of the 4,771 population were filtered out. (B) QQ plot and Manhattan plot of 
the GWAS using MAF 0.01 as a cutoff, meaning alleles that exist in less than 48 PIs of the 4,771 
population were filtered out. 
 	
